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Abstract
M ic h a e l  A a ro n  W h ite  Ph.D., 1999, F o r e s t r y
Modeling and Monitoring Growing Season Dynamics 
Committee Chair Dr. Steven W. Running ____
Phenology, the study of recurring biological cycles and their connection to climate, is a growing 
field of global change research. Vegetation phenology exerts a strong control over carbon cycles, 
weather, and global radiation partitioning between sensible and latent heat fluxes. Phenological 
monitors of the timing and length of the growing season can also be used as barometers of 
vegetation responses to climatic variability. In the following chapters, I present research 
investigating the monitoring and interpretation of growing season dynamics.
Ecological modeling is limited more by data availability than by model theory. In particular, the 
description o f vegetation functional types (biomes) for distributed modeling has been lacking. In 
chapter 1 ,1 present a documented description and sensitivity analysis of the 34 parameters used in 
the ecosystem model, BIOME-BGC, for major temperate biomes. I applied BIOME-BGC in the 
eastern U.S. deciduous broad leaf forest and found that minor phenological variation created large 
impacts on simulated net ecosystem exchange of carbon (chapter 2). In addition to simulating the 
effects of growing season variability, it is also important to develop accurate field monitoring 
techniques, both as a means of testing modeling activities and as a validation of satellite remote 
sensing estimates. I conducted an intercomparison of field techniques that could be used to 
monitor phenological dynamics in arid ecosystems (chapter 3). I found that methodological 
barriers to rapid, low cost monitoring were severe, but that a digital camera with both visible and 
near-infrared channels was a viable option. Satellite remote sensing provides the only means of 
obtaining consistent estimates of phenological variation at a global scale, yet our understanding of 
these data has been limited by a  lack of ground observations. To address this problem, I proposed, 
developed, and wrote a phenology measurement protocol for the Global Leaming and 
Observations to Benefit the Environment (GLOBE) program. Using satellite estimates of the 
timing of 1999 spring growth and the network of GLOBE observations, I found that satellite 
predictions of spring growth occur during the initial growth of dominant upper-canopy species.
u
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Overview
My main interest throughout my Ph.D. research has been vegetation phenology- the study of 
growing season dynamics and their connection to climate. I initially became interested in the 
topic during my Master of Science research (White et al., 1997b), for which I developed a 
phenological model designed to predict the timing and length of the growing season for temperate 
grasslands and deciduous broad leaf forests. I continued my phenological research into the Ph.D. 
with two main goals: incorporating realistic phenology into ecological models and developing 
tools to monitor phenological dynamics.
Chapter 1 description
The theoretical basis for many ecological models is fairly advanced. In comparison, the data used 
to run ecological models is often sorely lacking. I began to use the Numerical Terradynamic 
Simulation Group’s (NTSG) ecological model, BIOME-BGC, in the fall of 1994.1 soon realized 
that the ecological description of functional types (biomes) was a fairly ad hoc procedure that was 
in great need of documented parameterization. Over the next couple of years, BIOME-BGC was 
extensively redeveloped by NTSG (mostly Dr. Peter Thornton), with a consequent flux in the 
parameters in use. Nonetheless, because I was using the model on a regular basis, 1 began 
literature searches to provide documented values for some of the parameters used throughout the 
history o f BGC development. During this period o f model development and parameter 
documentation, I completed the research presented in chapter 2 (see next paragraph). Based on 
discussions with Dr. Running and others and a paper by Aber ( 1997), I became increasingly 
convinced that completing the BIOME-BGC parameterization was a critical activity not only for 
my own work, but also for the credibility of BIOME-BGC modeling in general.
At the same time, BIOME-BGC revisions were completed and the parameter list was 
finalized. I completed a last batch of literature searches (and obtained data collected by Dr. Peter
IV
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Thornton) and produced a documented parameter list for the 34 BIOME-BGC parameters for five 
major temperate biomes. Chapter 1 contains the mean values for each parameter and appendices 
with the individual values. At the same time, I also tested the sensitivity of model predictions to 
parameter variation. I tested three levels of every parameter for five biomes across six important 
output variables and found that a relatively limited number of parameters, many relating to 
nitrogen, exerted the strongest controls over model predictions. 1 conducted a more in-depth 
analysis o f the critical parameters and found that the greatest uncertainty in model predictions is 
caused by huge variability in the ratio of new fine root carbon to new leaf carbon allocation in the 
evergreen needle leaf forest biome. Additionally, I draw some general ecological inferences from 
the sensitivity analysis relating to parameter linkages, limits to ecosystem productivity, and 
decomposition. I conclude with a discussion of results that may represent model assumptions 
more than ecological reality.
Chapter 2 description
Several papers in the last few years have suggested that changes in growing season length could 
at least partially explain increased carbon sequestration, especially in northern latitudes. Field 
research measuring carbon exchange in the eastern U.S. deciduous forest also showed that total 
carbon storage was highly sensitive to variation in the timing of spring growth. Sparked by these 
findings, I wanted to test the impact of incorporating my dynamic phenology subroutine into the 
framework o f a general ecological model. Peter Thornton translated the phenology models into 
the C code. In chapter 2 ,1 obtained the highest quality long-term daily records for the eastern 
U.S. deciduous forest from the Historic Q im ate Network and conducted BIOME-BGC 
simulations testing the impact o f using vs. not using a dynamically predicted phenology. Based 
on the phenology model, I found that over 88 years in twelve sites, the length of the growing 
season regularly varied by ±  two weeks. Net carbon exchange was extremely sensitive to 
phenological variation, with a one-day increase in growing season length producing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
approximately a two percent increase in carbon storage. Additionally, net carbon exchange was 
more sensitive to a given variation in growing season length in colder sites than in warmer sites. 
Gross assimilation and évapotranspiration were less affected. The work was published in White et 
al. (1998b).
Chapter 3 description
Satellite estimates of growing season dynamics are limited by the availability of field validation 
data sets and by problems inherent to remote sensing, such as soil background reflectances. In 
1997, NASA began a series of field campaigns called the Prototype Validation Exercises 
(PROVE) to test rapid and cost effective techniques for validating products to be produced by the 
suite of sensors on the upcoming TERRA platform. Within that product suite, NTSG will produce 
net primary productivity and leaf area index data, both of which are highly sensitive to 
phenological variability. One of the PROVE campaigns took place in the Jornada Long-Term 
Ecological Research station in southern New Mexico. Since a high proportion of bare ground 
limits the accuracy of satellite remote sensing observations, field validation in desert ecosystems 
was especially important. Together with Dr. Nemani, I participated in the PROVE campaign with 
the goals of; 1) testing a new field instrument and 2) assessing the practicality of obtaining useful 
seasonality data in arid environments from numerous methods.
I used an agricultural digital camera (originally designed for agricultural applications but 
not limited to them) containing red and near-infrared channels, an LAI-2000 plant canopy 
analyzer, a sunfleck ceptometer, and laser altimetry to calculate four variables: plant area index, 
leaf area index, total fractional cover, and green fractional cover. Each instrument only measured 
one variable, but the full suite could be calculated from laborious destructive sampling. The new 
instrument, the digital camera, provided the easiest, and I believe, most accurate, measurements. 
The LAI-2000 and ceptometer, in spite of having numerous instrument assumptions violated, 
produced nearly identical results that were slightly lower than estimates fiom the digital camera.
vi
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Results from laser altimetry were highly sensitive to the user-specified vegetation height 
thresholds. Paradoxically, the most sought-after variable, leaf area index, was not directly 
measured by any of the methods and as far as I can tell, cannot be easily monitored on a seasonal 
basis in arid shrublands. For validation, comparing the seasonal trends (not absolute values) of 
field-measured total or green fractional cover with satellite estimates may be the best course of 
action. This research is presented in chapter 3 and is in press (White et al., 1999).
Chapter 4 description
Reviewers of my Master's research consistently argued that I did not present an adequate 
interpretation of the satellite predictions of growing season dynamics. In other words, there was 
no clear relationship between satellite prediction of growing season dynamics and vegetation 
conditions on the ground. While I did attempt to address this question, the required data was 
simply unavailable. 1 decided to rectify this situation. When Dr. Running mentioned that the 
Global Leaming and Observations to Benefit the Environment (GLOBE) program might be 
interested in a phenology measurement protocol to involve students in measuring leaf budburst, 1 
realized that this was a perfect way to get the data I needed. I proposed and wrote such a protocol 
for GLOBE. In 1999, we obtained over 50 observations of budburst, all measured with the same 
methodology. I computed satellite predictions of the start of the growing season and compared 
these data with the recorded dates o f budburst. I found that in spite o f the variability associated 
with the many species measured by GLOBE students, the satellite observations consistently fell at 
around the time of initial dominant upper-canopy growth. In addition to being highly educational 
for the students, results were very encouraging and are useful for the treatment of the phenology 
subroutine in BIOME-BGC.
This chapter is presented in two parts. The first section I wrote for EOS Transactions, the 
newsletter o f the American Geophysical Union. The style is in a newspaper-like format, with 
results presented first followed by methods and background. Since this chapter is not complicated
vii
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and was written mostly to encourage further involvement in the budburst protocols, I felt this was 
an appropriate format. The article has been accepted for publication. The second section, 
presented in an appendix, presents the GLOBE budburst protocols.
vm
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CH APTER 1
PARAMETERIZATION AND SENSITIVITY ANALYSIS OF 
THE BIOME-BGC TERRESTRIAL ECOSYSTEM MODEL 
FOR TEMPERATE VEGETATION 
Abstract
Ecosystem simulation models typically use a large number of descriptive input parameters to 
establish the physiology, biochemistry, structure, and allocation patterns of vegetation functional 
types, or biomes. For single stand simulations it may be possible to obtain all required data, but as 
spatial resolution increases, so too does data unavailability. Generalized biome parameterizations 
are then required. Undocumented parameter selection and unknown model sensitivity to 
parameter variation for larger resolution simulations has led to frequent and justified criticism of 
modelers and modeling. I present a complete, referenced documentation for all input parameters 
in a process-based ecosystem simulation model, BIOME-BGC, for the major natural temperate 
biomes. Parameter groups include: turnover and mortality; allocation; plant labile, cellulose, and 
lignin fractions; plant carbonrnitrogen (C:N); canopy water interception and light extinction; the 
fraction of leaf nitrogen in rubisco (FLNR); specific leaf area (SLA); leaf conductance; and vapor 
pressure deficit and leaf water potential controls on conductance. I tested model sensitivity using 
climatic and site description data from the Vegetation/Ecosystem Modeling and Analysis Project 
(VEMAP). Using ten pixels selected with a random number generator for each biome from the 
VEMAP daily gridded meteorology data set, I tested the sensitivity of predicted annual leaf area 
index, gross primary production, soil carbon, wood carbon, heterotrophic respiration, and 
transpiration to variations in parameter level of ± 20% of the mean value. BIOME-BGC 
predictions were most strongly affected by variation in leaf and fine root C:N, FLNR, fire 
mortality, maximum stomatal conductance, SLA, and fine root to leaf carbon allocation. 
Expanded analysis for these seven parameters showed that mesic sites tended to be more strongly 
affected by parameter variation than xeric sites.
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Introduction
Ecosystem simulation models are useful tools for a tremendous diversity of research. Models 
have been used to assess: regional water and carbon (C) cycles (Nemani et al., 1993b); soil C 
dynamics (Motovalli et al., 1994); seasonal amplitudes of global COi concentration (Randerson et 
al., 1997); ecosystem response to climate change (Pan et al., 1998); effects of nitrogen (N) 
saturation (Aber et al., 1997); and perhaps most notoriously, the location of global C sinks 
(Houghton et al., 1998). Large-scale BioGeoChemical (BGC) modeling, the central topic of this 
chapter, is a specific type of modeling that seeks to represent ecosystem cycles of carbon, water, 
and nutrients at regional to global scales through an integrated consideration of biology and 
geochemistry. BGC models may be conceptualized as an abstract system of mathematical 
equations used to simulate real earth system processes of photosynthesis, respiration, evaporation, 
transpiration, runoff, and nutrient cycles. Generally, BGC models rely on the three components 
described below, the first two being inputs to the model and the third being the model process 
itself.
Biophysical Descriptions
BGC models require a description of the earth surface being simulated and the atmosphere above 
it. Most BGC models were originally developed for individual sites and have over time been 
applied to progressively larger areas ranging from watershed to global scales. For a given area, 
the land surface is usually divided into equal map units (degrees of latitude and longitude or area) 
called grid cells, each of which requires a biophysical description. Basic requirements include 
slope, aspect, and elevation. Large-scale descriptions of the earth surface and atmosphere are 
limited by the availability and accuracy of critical datasets and thus tend to be fairly general. 
Soils, for example, are usually described only by depth and texture (i.e., Zobler, 1986). For the 
continental U.S., the finest resolution soils dataset is 10km (Kern, 1994; Kem, 1995). From these
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
data, soil water holding capacity and water release properties may be calculated (Clapp and 
Homberger, 1978). Perhaps most critically, simulation areas are defined by their vegetation type. 
At large scales, vegetation cannot be described by species type. Rather, functional types, or 
biomes, are used. Biome definitions are infinitely plastic, but often focus on woody versus non- 
woody vegetation and the duration of canopy biomass; major divisions include grassland versus 
forest and deciduous versus evergreen leaf habit. The term landcover is used to describe the 
spatial pattern of biome distribution. Global landcover has been defined from analysis of 
traditional atlas information (Matthews, 1983) but is most often defined by satellite remote 
sensing (DeFries et al., 1999; Loveland et al., 1991; Nemani and Running, 1996). Albedo, the 
fraction of radiation reflected by earth surfaces, is defined based on landcover characteristics. 
These biophysical descriptions are usually constants in BGC models. N deposition rates and CO2 
concentration are the main atmospheric descriptions, both of which are usually varied temporally 
to represent the effect of industrial activity on atmospheric composition.
Climate
In addition to biophysical descriptions, BGC models use climate as an input to ecosystem 
simulations. As the spatial and temporal dynamics of model simulations are highly dependent on 
variation in climate at seasonal, annual, and decadal and longer time scales, climate is a crucial 
model input. Climate data is defined by model requirements and most often is either monthly or 
daily. There are several methods of obtaining large-scale climate data, all of which rely on the 
interpolation of weather station data to the simulation grid. First, daily observations from weather 
stations may be interpolated across the landscape (Piper, 1995; Thornton et al., 1997). Globally, 
daily climate data is extremely limited and data accuracy can be questionable. Second, monthly 
mean climate firom individual stations may be interpolated to daily values with a stochastic 
weather generator (Kittel et al., 1999a; Kittel et al., 1999b). Third, it is possible to impose 
temperature anomalies from satellites onto long-term climate means (Schimel et al., 1996). The
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application of this technique is limited to the time period of satellite coverage and may be limited 
by sensor problems (Wentz and Schabel, 1998).
Ecosystem Processes
Once each grid cell is biophysically and climatically described, mathematical equations are used 
to simulate ecosystem processes. Most BGC models simulate three main cycles: carbon 
(assimilation, autotrophic respiration (plant), and heterotrophic respiration (microbial)); nitrogen 
(mineralization, immobilization, leaching, volatilization, and denitrification), and water 
(evaporation and transpiration). Both fluxes and state variables are simulated. A flux variable is a 
mass unit per time, for example net primary productivity (NPP) in units of kg C m'^ day '. Flux 
variables are thus the uptake or release of carbon, water, or nutrients. Stem carbon, in kg C m^, is 
an example of a state variable representing the mass of a variable present in a given area. In 
reality, complex processes operating from molecular to planetary scales control these states and 
fluxes. Mathematically capturing all these processes and simulating them at global scales is 
practicably impossible. The challenge facing the BGC modeler is to create an abstraction of 
reality that nonetheless preserves the critical processes and interactions governing ecosystem 
function. The form of the abstraction is controlled by what the modeler perceives to be critical 
processes.
Consider the calculation of net primary production in the three BGC models used in the 
Vegetation/Ecosystem Modeling and Analysis Project (VEMAP). The CENTURY model (Parton 
et al., 1987; Parton et al., 1993; Parton et al., 1988) calculates NPP based on an ecosystem 
potential NPP which is then reduced based on various environmental and nutrient limitations. The 
Terrestrial Ecosystem Model (TEM, McGuire et al., 1992; McGuire et al., 1995) uses regression 
equations based on environmental conditions and nutrient availability. BIOME-BGC (Hunt et al., 
1996; Running and Coughlan, 1988; Running and Gower, 1991; Thornton, 1998) employs a 
simplified biochemical model of photosynthesis, environmentally regulated stomatal
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conductance, and explicit calculations of respiration for various plant pools to calculate NPP. The 
abstraction of plants themselves also varies, with plant vegetation carbon pools (stems, leaves, 
roots etc.) ranging from eight in CENTURY to one in TEM.
While many such differences have existed in the past, BGC models are beginning to 
converge to a more common approach. The National Science Foundation recently funded a $3 
million project to create a Community Ecosystem Model (CEM) conceived as a community 
model that combines the best portions of individual models. Notable features are likely to 
include: 1) a daily time step, 2) a physiological canopy photosynthesis model, 3) Penman- 
Monteith évapotranspiration, and 4) a closed nitrogen cycle and CENTURY-type belowground 
processes focusing on decomposition of separate soil pools and microbial competition for mineral 
nitrogen. Thus, in spite of widely varying geographic origins and conceptual biases, BGC 
modelers appear to be reaching a consensus on the most appropriate methods of simulating the 
fluxes of carbon, water, and nutrients.
Advantages of BGC Modeling
There are many other types of ecological models, each particularly well-suited to certain research 
topics. The Carnegie Ames Stanford Approach (CASA, Potter et al., 1993), which uses satellite 
inputs and simplified soil processes, is very useful for global carbon modeling within the time 
scale of remote sensing inputs. Successional models (Shugart and West, 1977; Shugart and West, 
1981) simulate species interactions and are highly applicable for investigating community 
responses to climate change. Biogeography models can be used to simulate large-scale changes in 
biome distribution in response to climate change (Neilson, 1993; Prentice et al., 1992).
BGC models have different strengths, with their main distinguishing feature being the 
ability to simulate complete ecosystem exchanges of carbon, water, and nutrient cycles at a 
mechanistic level. This capability leads to a great utility in three categories. First, BGC models 
are commonly used to simulate ecosystem processes under current or historical climates (Nemani
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et al., 1993b; Running, 1994). BGC models are thus highly useful as hypothesis testing tools for 
land managers seeking to understand, for example, the impacts on stream flow of different 
logging practices. Second, BGC models can be used to develop basic theoretical understandings 
of ecosystem function. Assimilation versus respiration response of ecosystems to climatic 
perturbations such as the Mount Pinatubo eruption (Hansen et al., 1992) and the apparent lag of 
ecosystem response to interannual temperature variability (Braswell et al., 1997) may be tested 
with BGC models (e.g. Schimel et al., 1996). Environmental limits on ecosystem productivity 
have also been tested with BGC models (Churkina and Running, 1998). Third, and perhaps most 
importantly, BGC models are used to address the political need for estimates of ecosystem 
responses to climate changes (Intergovernmental Panel on Climate Change (IPCC), 1995). In 
particular, as fossil fuel consumption exponentially increases atmospheric COi (Keeling, 1994), 
there is a growing need to provide credible estimates of ecosystem storage or release of carbon 
(Hunt et al., 1996). The CASA approach also simulates net carbon exchange, but due to its 
requirement for satellite data, cannot be used to test the impact of future climate change 
scenarios. Empirical regression models (Rosenzweig, 1968) may produce reasonable estimates of 
current conditions but do not reveal the mechanisms of ecosystem response and may be unable to 
accurately represent ecosystem response to changing climate (Pastor and Post, 1993). Thus, BGC 
models are the primary tool for predicting the responses of terrestrial ecosystems to increasing 
CO2 (VEMAP, 1995).
Disadvantages of BGC Modeiing
The accuracy of model simulations is fundamentally limited by the accuracy of geophysical and 
climatic inputs. Unfortunately, there is another problem that limits the application, and more 
importantly, the credibility, of BGC models. Model theory is relatively highly evolved, and is 
often based on highly realistic laboratory or field research. Yet this same model realism often 
translates to a seemingly endless proliferation o f extremely difficult to obtain driving inputs, or
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parameters. In some cases, parameters are measured for a particular study, but frequently values 
are presented with no description of their origin. Modeler intuition is often the source, and 
nebulously defined parameters have a distressing tendency to become tuning knobs. In this 
scenario, if the user has a priori knowledge of the desired output, it is a simple matter to adjust 
values until such an output is obtained. I feel that for these reasons, parameter selection and 
documentation, not model theory, is currently the major limitation to global and regional 
modeling.
Of all the criticisms levied against modelers, this tuning of results is the most common. 
Modeling papers published without a full description of parameter selection are justifiably subject 
to this criticism. Aber (1997) discussed this and other model criticisms. With regard to the 
selection of parameters, Aber stated: "ALL of the parameters used in the model should be listed, 
and ALL values for those parameters given, along with the references to the sources of those 
parameters." Additionally, Aber argued for complete descriptions of model structure and 
sensitivity. I strongly agree. However, inclusion of this information in every modeling paper 
would make for extremely long, dense papers. A preferable option is a one-time, extensive 
description.
BIOME-BGC
In this chapter, my primary purpose is to present a fully documented parameterization and 
extensive sensitivity analysis of BIOME-BGC, the terrestrial ecosystem process model used by 
the Numerical Terradynamic Simulation Group. BIOME-BGC contains many of the features of 
the GEM mentioned above and also uses many of the same parameters as other existing BGC 
models. The parameters and conclusions drawn from this work are therefore of broad interest to 
the general modeling community. My purpose is also to extract general principles of ecosystem 
function o f interest to the community of non-modeling ecologists.
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Using prescribed site conditions and meteorology, BIOME-BGC simulates daily fluxes 
and states of carbon, water, and nitrogen for major biomes at areas ranging from one square meter 
to the entire globe. BIOME-BGC structure was thoroughly described by Thornton (1998), but to 
provide a context for the parameters described below, I now include a brief discussion of model 
philosophy. Model history and algorithm structure is presented in Appendix A.
The major challenge in the development of BIOME-BGC was the application of a model 
developed for western conifers (FOREST-BGC, Running and Coughlan, 1988) to all biomes 
throughout the world. Over time, model application expanded from water-controlled western U.S. 
climates to global applications, necessitating the addition of a more rigorous treatment of soil 
processes, N dynamics, and vegetation phenology. As the ability of the model to represent 
multiple biomes in multiple climates grew, so too did the need to obtain parameter values for 
unstudied areas. Throughout the past 25 years, there has been a continual effort in model design 
to only include those parameters for which data exists or for which data could be obtained in the 
future. Consequently, many aspects of plant physiology are not included. Root hormonal 
signaling (Davies and Zhang, 1991) and mycorrhizal associations (Johnson and Wedin, 1997) are 
known to influence plant growth and ecosystem function, but obtaining data with which to 
parameterize such processes at global levels is not currently possible. Root:shoot ratios decrease 
with increasing plant N concentration (Levin et al., 1989), but since including this dynamic in the 
model would require dynamic recalculation of plant N concentration at considerable 
computational and conceptual expense, both are held constant with time.
BIOME-BGC, given only parameters, climate, and biophysical descriptions, 
mechanistically simulates the development of soil and plant carbon and nitrogen pools; no input 
o f soil carbon information or leaf area index (LAI, m^ leaf area per m^ ground area) is required. 
LAI, itself an abstract depiction of the amount of canopy per unit ground area, is central to 
BIOME-BGC and its predecessors. The size of the canopy controls canopy radiation absorption, 
water interception, photosynthesis, and litter inputs to detrital pools. The growth of LAI in
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BIOME-BGC can be limited by nitrogen, water, carbon, or radiation limits (Thornton, 1998).
Thus, the upper limit of LAI growth in any given grid cell is a combination of biophysical and 
climatic conditions, model design, and the biome descriptions controlling plant biology.
In BIOME-BGC, biomes are distinguished by varying levels of 34 parameters within 
several main categories. First, turnover and mortality fractions are used to describe the portion of 
the plant pools that are either replaced each year or removed through fire or plant death. Second, 
the allocation of photosynthetically accumulated carbon to leaf, stem, and root pools is controlled 
by a series of allometric equations. Third, carbonmitrogen ratios define nutrient requirements for 
new growth, plant respiration rates, photosynthetic capacity, and litter quality. Fourth, the 
percentage of lignin, cellulose, and labile material in fine roots, leaves, and dead wood controls 
litter recalcitrance and influences decomposition rates. Fifth, several ecophysiological parameters 
are used to control the amount of LAI, leaf conductance, and the rate of carbon assimilation. 
Finally, canopy radiation absorption and water interception are controlled by single parameters. 
The parameters groups, taken as a whole, provide a conceptualization of biome-specific 
physiology and structure which rejects excessive detail and impossible to obtain parameters while 
maintaining broadly significant vegetation descriptions.
For global and large-resolution regional applications, it is impossible to obtain complete 
parameterizations for each grid cell, and generic biome values are used. Yet to date, there has 
never been a completely documented list of all BIOME-BGC parameters for the major biomes. 
Here I present the complete list of BIOME-BGC parameters for five major functional groups; 1) 
evergreen needle leaf forest (ENF), 2) deciduous needle leaf forest (DNF), 3) deciduous broad 
leaf forest (DBF), 4) grass, and 5) shrub. For each parameter in each biome, I present a referenced 
mean and standard deviation (a). I parameterized a single grass biome, as opposed to separate C3 
and C4 biomes because for many parameters, there is insuffrcient data for C4 grasses. In many 
cases, authors also only report vegetation as temperate grasslands, without supplying any species 
data, making C3/C4 discrimination impossible. Additionally, I include a sensitivity analysis for
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every parameter. My goal is to provide the reader with a candid account of the source (or lack 
thereof) for each parameter, to assess parameter effect on model predictions, and to identify key 
data needs for more accurate modeling. Essentially, I am isolating the importance of parameter 
selection on model simulations; two other critical controls over model results, biophysical 
descriptions and model design, are not considered. I include a limited discussion of climatic 
effects. For easy reference, a list of abbreviations can be found in Appendix B.
Parameter Selection
For each parameter I conducted a literature search for each of the five biomes and calculated 
mean and os. Appendix C includes a complete parameter list by biome without supplemental 
statistical information. Due to the number of BIOME-BGC parameters and the fact that entire 
papers are written on single parameters, my literature searches could not be exhaustive and are 
meant to represent the general, not complete, range o f values for a given parameter. There are two 
choices when assigning parameter values. First, one may simply use the mean value for each 
biome. Second, one may conduct analysis of variance and multiple comparison tests to identify 
significant differences and group biome values together into statistically similar groupings. 
Natural variability within the broad biome groupings and in some cases, limited sample sizes, led 
option two to produce an extremely homogeneous parameterization with biomes appearing 
remarkably similar to one another. Since the ecological relevance of biome differences is well 
recognized (Smith et al., 1997b) I chose option one and did not test for between-biome 
statistically significant differences. Parameters are grouped into seven thematically related 
groups. For each parameter, I report mean, a , and the number of samples. Individual values, 
species names, and references are reported in the Appendix F.
Data was relatively abundant for the ENF, DBF, and grass biomes. While some 
parameters are adequately treated for DNF, I often had no data. With one exception related to
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photosynthesis, I applied the ENF values to DNF. Shrubs presented a greater problem. For large- 
scale simulations, BIOME-BGC is designed to operate with land cover information derived from 
remote sensing. Current 1km data represents a single shrub category, which occurs from 
extremely hot to extremely cold climates (DeFries et al., 1999; Hansen et al., 1999). The 
biological diversity across such a  range is staggering, including deciduous and evergreen habitats, 
varying degrees of woody material, and diverse reproductive strategies. When shrub data was not 
available, I again generally assumed ENF values. For a limited number of parameters for which 
ENF values produced clearly erroneous shrub predictions (described below) I tuned the 
parameters to obtain more reasonable predictions. Since data for shrubs is quite sparse for many 
parameters, defining multiple shrub categories, while perhaps ecologically appealing, would be in 
practice quite problematic.
Turnover and Mortality Parameters
Turnover refers to the fraction of the C pool replaced each year (flux/mass) and is the inverse of 
the mean residence time (mass/flux). For all deciduous biomes, leaf and fine root turnover 
(LFRT, Table 1) is set to 1.0, indicating that the entire leaf and fine root C pools are turned over 
every year. The rationale for linking leaf and fine root turnover is presented in Thornton (1998). 
ENF LFRT data is compiled from extensive foliage production and biomass data in Cannell 
(1982) and shows mean leaf longevity of 3.8 years. I am unaware of any appropriate data with 
which to parameterize live wood turnover (LWT, Table 1). Since cambium (conceptually the live 
wood pool in BIOME-BGC) is replaced on an annual basis, LWT could be set to 1.0. However, 
since the living and respiring portion o f the sapwood (primarily ray parenchyma, Kozlowski and 
Pallardy, 1997) originates from the cambium, some of the live wood must be retained, and I set 
LWT to 0.7 for all woody biomes.
Whole plant mortality (including whole-tree death, branch shedding, herbivory, etc. 
(WPM, Table 1), is the fraction o f the above- and below-ground ecosystem C pools that dies or is
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consumed each year. Silvicultural researchers have collected large amounts of data on self­
thinning processes and age-density relationships, but because BIOME-BGC requires a proportion 
of the stand (mass or volume) that dies each year in mature (not developing) stands, these data are 
not useable in the parameterization. Data in this form are generally scarce. The forest value used 
here is based on a single ongoing large-scale Held experiment being conducted by silvicultural 
researchers and is considered to represent mostly branch and tree mortality (R.E. Keane, personal 
communication). Grass WPM is meant to represent herbivory, which varies greatly with insect 
phenology and the presence or absence of grazing activity and can range from 0.06 in steppe 
(Lavrenko and Karamysheva, 19) to over 0.4 in savanna grasses (Gandar, 1982). Thus, the 0.1 
value is a low approximation. Shrub WPM is set intermediate between the forest and grass 
biomes on the assumption that while there is a woody component to the biome, it is small enough 
that herbivory can still consume significant amounts.
Fire mortality (FM, Table 1) is based on approximations from data in Aber and Melillo 
(1991). Use of the low end of Aber and Melillo's (1991) prairie fire regime of 0.1 resulted in 
extremely low simulated LAI (see below for parameter analysis) values and I reduced FM to 
0.05. Data from grass-dominated tropical savannas suggest that EM of 0.05 (20-year interval) is 
not uncommon (Lacey et al., 1982). To represent reduced fire rate in cold shrublands, I set shrub 
EM slightly below the low shrub value in Aber and Melillo (1991). Based on their general co­
occurrence, I set the DNF WPM and EM to ENF values.
With the exception of the ENF LETIT, the turnover and mortality are among the most 
poorly documented parameters in BIOME-BGC. LWT turnover is based purely on my 
discussions with others (P.E. Thornton, personal communication), WPM on scant and 
unpublished field data, and EM on an extremely wide range of data. WPM and EM, in particular, 
would be better served by two-dimensional images containing spatially realistic values. At 
present, no such data exists, but should be a priority for future work.
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Table 1. Turnover and mortality parameters. Litter and fine root turnover (LFRT); live wood 
turnover (LWT); whole-plant mortality (WPM); fire mortality (FM). All values are dimensionless. 
Values are mean (a, number of samples).
ENF DNF DBF Grass Shmb
LFRT 0.26(0.15,129) 1 .0 (-,-) 1.0 (- ,- ) 1 .0 (-,-) 0.26 (0.15, 129)'
LWT 0.70 (- ,-) 0.70 (-,-) 0.70 (—,—) 0.70 (—,—)
WPM 0.0050 (-, 1) 0.0050 (-, 1) 0.0050 (-, 1) 0 .1 0 (-,-) 0.020 (- ,- )
FM 0.0050 (-, 1) 0.0050 (-, 1) 0.0025 (-, 1) 0.050 (-, 1) 0.010 (-, 1)
set equal to ENF
Allocation Parameters
Allometric relationships (Table 2) between different plant pools control how photosynthetically 
produced C is allocated throughout the ecosystem. BIOME-BGC considers carbon allocation to 
major plant pools of roots (fine and coarse), stems, and leaves. Carbon allocation to seeds (Kaldy 
and Dunton, 1999), fruit (Jonasson et al., 1997), and defensive chemistry (Crone and Jones, 1999; 
Wallin and Raffa, 1999) can represent a significant portion of total allocation, but the 
physiological, genetic, and pathogen detail required to accurately model these processes is 
impractical in a generalized ecosystem model. Site-specific application of BIOME-BGC or other 
BGC models should consider these processes.
In spite of the great difficulty in measuring the allocation ratio of new fine root C to new 
leaf C (FRC:LC), there is a surprisingly large amount of data available. ENF has the highest 
FRC:LC, but also an extremely large o, followed by DBF and grassland. Extensive new stem C to 
new leaf C (SC:LC) allocation data was available for ENF and DBF and showed identical values. 
However, preliminary testing showed that with shrub SC;LC set to 2.2, very large stem C 
accumulation occurred, and I reduced shrub SC:LC to 10% of the forest values. New live wood C 
to new total wood C (LW C:TW Q controls the amount of respiring tissue in new wood and is 
based on the percentage of living parenchyma cells in sapwood. For shrubs I assumed that all 
stem C is live. New coarse root C to new stem C allocation (CRC:SC) was well documented and 
similar between the ENF and DBF biomes.
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The allocation parameters are, in general, well documented from a wealth of stand 
inventory data collected from the 1960s-l980s. However, little data was available for the DNF 
biome. DNF allocation exhibits similarities to both ENF and DBF patterns (Gower and Richards,
1990) without complete justification for adopting either strategy as a surrogate for DNF. I 
arbitrarily chose to set DNF equal to ENF values.
Table 2. Allocation parameters. New fine root Cznew leaf C (FRCzLC); new stem C:new leaf C 
(SC:LC); new live wood Cznew total wood C (LWCzTWC): new coarse root Cznew stem C 
(CRCzSC). All values are dimensionless. Values are mean (o, number of samples).
ENF DNF DBF Grass Shrub
FRC:LC 1.4, (1.5, 29)' 1.4 ( 1.5, 29)'* 1.2 (0.37, 10) 
SC.-LC 2.2 (0.89,133) 2.2 (0.89, 133)' 2.2 (1.1, 113) 
LWCzTWC 0.071 (0.014, 8) 0.071 (0.014, 8)'0.16 (0.084, 8) 
CRCzSC 0.29 (0.14, 56) 0.29 (0.14, 56)' 0.22 (0.18, 46)
1.0 (0.54, 32) 1.4 (1.5, 29)'' 
0.22 (-, - )
1 0 (—, —)
0.29 (0.14, 56)'
' median value and pseudo a , see results and discussion section of sensitivity analysis for explanation
Carbon to Nitrogen Parameters
The ratio C to N (C:N, Table 3) is used to characterize the nutrient concentration of leaf, litter, 
fine root, live wood, and dead wood pools. Usually measured as mg N g dry weight ' or %N, C:N 
is a common measurement. C to N ratios (C:N) control plant N demand and decomposition rates. 
Leaf C:N (C:Nieaf) and litter C:N (C:Nui) are based on data from a wide number of species. N 
retranslocation is 55% for ENF, 77% for DNF (calculated from C:Nieaf and the mean 
re translocation rate in Gower and Richards, 1990), 55% for DBF, 45% for grass, and 53% for 
shrabs. Fine root C:N (C:N&) and dead wood C:N (C:Ndw) were highest in the ENF. Limited data 
from small branches, which are mostly cambium, suggests that live wood C:N (C:Niw) is similar 
to C:Nfr (Gosz et al., 1973). Lacking data for CiNw itself, I therefore set all biomes' C:N,w to the 
mean C:Nfr rounded to one significant digit. In cases of missing data for DNF and shrub biomes, I 
used the ENF values.
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Table 3. C to N ratios. Leaf C:N ratio (CzNkn); litter C:N ratio (C:Nui); fine root C:N ratio (C:Nfr); 
live wood C:N ratio (C:N|w); dead wood C:N ratio (C:Ndw)> AU values are dimensionless. Values are 
mean (c, number of samples).
ENF DNF DBF Grass Shrub
C :N w 42(11,25) 27 (5.6, 30) 25 (5.4,43) 25 (8.6,47) 3 5 (1 2 ,9 )
C:Nu, 93(28,43) 120 (24, 30) 55(16, 76) 45(11, 10) 75 (37, 11)
C:Nf, 58 (32, 27) 58 (32, 27)' 48(15,16) 50(19, 17) 58 (32, 27)'
C:N,« 50 (- , -) 50 (-, -) 50 (-, - ) 5 0 ( - , - )
C:Ndw
a
730 (320,27) 730 (320, 27)' 550(121, 11) 730 (320, 27)'
Labile, Ceiiuiose, and Lignin Fraction Parameters
Each plant pool entering the soil decomposition subroutine is divided into three pools (two for 
dead wood); labile, cellulose, and lignin (Table 4). The fractionation into these pools controls 
how rapidly decomposition occurs. In general, lab techniques are used to first measure the water 
and acid soluble material, which in addition to starch and sugar may include other substances, 
such as phenols. This is termed the labile pool. Next, cellulose is measured with an acid bath. The 
remainder is grouped into the lignin pool, which may include extraneous suberin (Wedin et al., 
1995). Since the three pools may include different substances depending on the methodology in 
use, they should be considered as generalized categories, not pure labile material, cellulose, or 
lignin. Data sources in some cases had only one or two of the fractions listed and therefore mean 
biome values do not necessarily add to 100%. I first calculated lignin and cellulose fractions and 
let the labile fraction float so that the three pools summed to 100%. For dead wood, I calculated 
lignin and floated cellulose. For fine root labile (FRbb), fine root cellulose (FRcei), and fine root 
lignin (FRug), data sources were quite limited. Rather than set a biome value based on a single 
data point, I calculated the mean of all fine root data and used this for all biomes. Leaf litter data 
was more abundant and I used individual biome values (DNF set to ENF). Dead wood fractions 
were strikingly similar for ENF and DBF.
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Table 4. Labile, cellulose, and lignin fractions. Fine root labile fraction (FR^b); fine root cellulose 
fraction (FRcd); fine root lignin fraction (FRug); leaf litter labile fraction (Lu,); leaf litter cellulose 
fraction (Led); leaf litter lignin fraction (Lug); dead wood cellulose fraction (DWu); and dead wood 
lignin fraction (DWug). All values are percent Values are mean (a, number of samples).
ENF DNF DBF Grass Shrub
FRiab 34 (2.8,4) 34 (2.8,4) 34 (2.8,4) 34 (2.8,4) 34 (2.8,4)
FRcel 44 (4.8,6) 44 (4.8,6) 44 (4.8, 6) 44 (4.8,6) 44 (4.8, 6)
FRiig 22 (7.3, 12) 22 (7.3, 12) 22 (7.3, 12) 22 (7.3, 12) 22 (7.3, 12)
L|ab 31 (12,11) 31(12,11)' 38(10, 15) 6 8 (1 ,- ) 56 (21,7)
Lcel 45 (4 .7 ,7 ) 45 (4.7, I f 44(11,20) 23 (7.7, 7) 29 ( 8.6,4)
L|ig 24 (6.7, 29) 24 (6.7, 29)' 18(6.6,44) 9.0 (4.3, 13) 15 (6.1, 16)
DWcel 71 (1.9, 16) 71 (1.9, 16)' 77 (3.7, 11) 71 (1.9, 16)'
DW„. 29 (3.1, 19) 29 (3.1, 19)' 23 (4.9, 11) 29 (3.1, 19)'
'  set equal to ENF
Leaf Area Parameters 
Specific leaf area
LAI strongly influences all aspects of canopy physiology and is calculated as the product of 
specific leaf area (SLA. m" kg C ‘, Table 5) and leaf C (kg C m'^). SLA defines leaf area per unit 
mass: thin, light leaves, such as grass blades, have a higher SLA than dense conifer needles. 
Ecologically, SLA is positively related to net photosynthesis and leaf N content and negatively 
related to leaf life span (Reich et al., 1997). SLA is also used with C:Nieaf to calculate leaf N 
content on a per unit leaf area basis. Note that the definition of SLA is in mass units of C not dry 
weight (as almost always reported in the literature).
All-sided to  projected leaf area index ratio
Most canopy processes are estimated on a projected leaf area basis (the leaf area projected 
horizontally on the ground surface). Canopy water interception, though, is calculated under the 
assumption that all leaf surfaces retain water. Projected LAI therefore must be converted to all­
sided LAI with the all-sided to projected LAI ratio (LALuipmj, Table 5). For fiat leaves (grass and 
DBF) LALn^mj is 2.0 and is not referenced. Needles are not flat and all-sided leaf area is greater.
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Accurate measurement of LAIaiuproj can be made by microscopic analysis o f needle cross-sectional 
perimeter divided by maximum width (Cregg, 1994) or by less rigorous geometric 
approximations (Fassnacht et al., 1994). The mean value of 2.6 agrees with the general conifer 
value reported in Komer (1995). I assumed that shrub leaves were intermediate in shape and set 
shrub LAIaii;proj to 2.3.
Shaded to sunlit specific leaf area ratio
Non-linear physiological responses to absorbed radiation tend to produce significant errors in
predicted C and water fluxes in big leaf models (de Pury and Farquhar, 1997) such as the original
FOREST-BGC (Running and Coughlan, 1988; Running and Gower, 1991). Simulating multiple
canopy layers obviates this problem, but is complicated and computationally expensive, de Pury
and Farquhar (1997) found that a  two-layer model with sunlit and shaded portions solves most of
the big leaf problems without excessive complexity and Thornton (1998) describes the
implementation of this approach in BIOME-BGC. Essentially, leaf N on a mass basis tends to
stay relatively constant with canopy depth (Ellsworth and Reich, 1993), but SLA increases,
necessitating different SLA for sunlit and shaded canopy fractions. Poorter and Evans ( 1998)
found that for a variety of shrub, tree, and herbaceous species, SLA in low irradiance was
approximately twice the SLA in high irradiance while mass-based rubisco content was essentially
constant. I assign 2.0 for the ratio of shaded to sunlit SLA for all biomes (Table 5).
Table 5. Leaf area parameters. Specific leaf area (SLA, m^kg C'); alI-sided:projected leaf area index 
(LAI^;p„j, dimensionless); shadedzsunlit specific leaf area tSLA.M «... dimensionless). Values are 
mean (a, number of samples).
ENF DNF DBF Grass Shmb
SLA
LAI||il:pn>j
S L A ,h d :su n
8.2 (3.6,39) 
2.6(0.29, II)  
2.0 ( 1. - )
22(4 .2 ,15) 
2.6(0.29, 11)' 
2 .0 ( 1, - )
32(11,96) 
2.0 (-,-)  
2 .0 ( 1, - )
49 (16 ,35 ) 
2.0 (—,—) 
2.0 ( 1, - )
1 2 (5 .1 ,9 ) 
2.3 (- ,- )  
2.0 ( 1, - )
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Conductance Parameters (Rates and Limitations)
Leaf gas exchange is modeled through an electrical circuit analogy (Nobel, 1991) with stomatal 
and cuticular conductance in parallel and leaf boundary layer conductance in series. The 
parameters controlling leaf conductance are important for regulating water loss and C 
assimilation. In this section, I consider the parameterization of maximum stomatal conductance, 
cuticular conductance, boundary layer conductance, and the two main parameters limiting 
stomatal aperture: leaf water potential and vapor pressure deficit. Data for conductance rates and 
limitations are presented in Table 6.
Maximum stomatal conductance
The maximum rate of stomatal conductance (g,ma%) establishes the rate o f conductance (g) when 
environmental conditions are non-limiting. Major differences do exist between agricultural and 
natural vegetation, but within natural vegetation types, the major functional types are remarkably 
similar. Three reviews (Kelliher et al., 1995; Kômer, 1995; Schulze et al., 1994) all reached the 
same conclusion: g,n»x does not vary significantly between natural vegetation types. There is 
some discussion that grasslands may have higher g,nm% (Komer, 1995), but to date there is 
insufficient evidence to establish this position. Thus, overwhelming evidence in this case leads 
me to assign a single value for each biome. I adopt the most recent estimate, from Kelliher et al. 
(1995), o f 0.(X)6 m s ' for all biomes.
Cuticular conductance
Even when stomata are completely closed, gas exchange will still take place at very low rates 
through cuticular conductance (gcui)- Essentially, leaf cuticles are somewhat leaky to gas 
exchange. Unfortunately, accurate measurements of gem are rare and often inaccurate (Komer, 
1995). Measurement of gem in the field is limited because plants almost never reach complete 
stomatal closure. Laboratory measurements of gem almost always obtain lower values than gem in
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Üie field. Measurements of gem relevant for BIOME-BGC, at which stomata are completely 
closed, are almost impossible to obtain in the field. I therefore apply the lowest level reported by 
Komer (1995) of 1/100* of g , ^ ,  or 0.00006 m s '.
Boundary layer conductance
Boundary layer conductance (gy,) controls gas diffusion through the stable boundary layer around 
the leaf surface (Syi). Increases in leaf length in the wind direction increase Syi according to a 
power function; increases in wind speed exponentially decrease Sy,. Wind speed is not prescribed 
in BIOME-BGC and I assume 0.45 m s '. Fitting a curve to data in Nobel (1991):
5y, = 5.9574
where 5bi is leaf boundary layer thickness (mm) and L is leaf length in the wind direction (m). For 
BIOME-BGC: L=0.002 m and 6yi =0.27 mm (needle leaf); L=0.08 m and Syi =1.7 (broad leaf); 
L=0.01 m and ôyi =0.60 mm (grass); and L=0.04 m and 6bi=1.2 mm (shmb). Following Nobel 
(1991) boundary layer conductance is:
gbi =  Dw y/ 6yi
where Dwv is the diffusion coefficient of water vapor in air (2.4x10'* m" s ' at 0.103 MPa and 
20°C). Application of equation 2 produces the values in Table 6.
Leaf water potential
The original FOREST-BGC was conceptualized with a strong role for plant water relations 
(Running and Coughlan, 1988). Plant water stress, as measured in negative leaf water potential 
(Y|), is a  commonly observed cause of stomatal closure. As leaf water potential drops below 
critical levels, leaf desiccation occurs, guard cell turgor is lost, and stomatal closure occurs. 
Studies with controlled humidity can demonstrate a linear relationship between Y | and g when 
humidity is controlled (Ehleringer and Cook, 1984). Diumai plots can also show a  strong 
correlation between g and (Carlson et al., 1979). However, as seen in cases where maximal g
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occurs at minimal (Gallego et al., 1994; Hacke and Sauter, 1995; Koch et al., 1994), there is 
no unique relationship between 'Fi and g. Other factors, such as VPD, directly influence the 
diumai values of Y,. Diumai plots of Y | versus g are therefore not useful for the parameterization.
As first shown by (Running, 1976), the predawn leaf water potential (H'lpd) is highly 
correlated with gjnnx- In this case, the plant is assumed to be responding to long-term changes in 
the soil water potential (Y,), not daily variation in Y,. Given no transpiration during the night,
'Fipd is usually approximately equal to T , (Kozlowski et al., 1991). Thus, 4'ipd acts as a surrogate 
measure for Y,. Work by Tardieu and Davies (1993) and Tenhunen et al. (1994) among others 
suggests that the root production of abscissic acid, as regulated by soil water content, can be 
responsible for stomatal closure.
Unfortunately, research on H'ipd is much rarer than research showing diumai courses of 
Y|. This is likely due to the fact that to obtain meaningful relationships, a large number of 
measurements must be taken throughout the growing season at predawn hours. I present fairly 
limited data for two parameters: the 4'ipd at which initial reduction to stomatal conductance occurs 
(Yi) and the Y,pd at which final reduction to stomatal conductance occurs (Yf). In most papers, 
authors report their data in a scatter plot format without specifying Y| or Yf. Thus, subjective 
visual parameter extraction is often required. Sometimes g decreases linearly with decreasing Y|pd 
while in other species, the relationship may be curvilinear. In cases with a linear relationship, it is 
easy to extract Yf. For curvilinear relationships, Yf is much less clear. I report Yf as the 
asymptotic level of Yipd. For Yj, since there is often a large scatter of g for high Yipd values, the 
precise value is even harder to establish. I selected the values at which a general downward trend 
in g is apparent. Within this sampling, there are two groups: field and laboratory studies. In the 
field experiments, other parameters are usually not controlled while in the laboratory, 
environmental parameters are often regulated. Since I am trying to isolate the effects of Y  on 
g.—  whenever possible, I selected data where radiation, humidity, and temperature were at
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optimal levels. A common difference between field and laboratory studies is that for a given Ypj, 
field studies usually maintain a higher gim». Due to the rarity of Yip<j research and the potential to 
isolate water potential effects in lab studies I have used both field and laboratory studies.
Vapor pressure deficit
High leaf to atmosphere vapor pressure deficit (VPD) is commonly observed to cause reductions 
in stomatal conductance. The precise mechanism, probably either a stomatal response to 
transpiration-induced reduction in guard cell water potential (feedback response) or a direct 
stomatal sensitivity to increased VPD independent of leaf water status (feedforward response), is 
not completely understood. Evidence exists for both the feedforward (Schulze et al., 1972) and 
feedback (Monteith, 1995) mechanisms with some authors finding intermediate response 
mechanisms (Franks et al., 1997).
Regardless of mechanism, I collected VPD versus g data for the five functional types. To 
do so, I extracted two values from the literature: the VPD at initial stomatal closure (VPDJ and 
the VPD at final stomatal closure (VPDf). As for Y , these data are usually presented in a scatter 
plot format. Therefore, parameter extraction was again subjective. Selection o f VPDf is difficult 
because many species exhibit asymptotic g responses to increasing VPD. I assumed that 
responses are linear (Komer, 1995) and extrapolated from the presented data to a value of zero g. 
Further difficulties are introduced because VPD responses are variable depending on the degree 
of exposure to previous drought. Generally, as previous exposure increases, g response to high 
VPD is reduced. For field experiments, this is often an unknown variable. In cases where multiple 
response functions were shown, I used data for which other conditions (radiation, temperature, 
soil water, etc.) were least limiting and for the initial exposure to drought.
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Table 6. Conductance rates and limitations. Maximum stomatal conductance fg m s '); cuticular
conductance (gem, m s '); boundary layer conductance (gw, m s '); leaf water potential at initial 
conductance reduction (LWP|, MPa); leaf water potential at final conductance reduction (LWPf, 
MPa); vapor pressure deficit at initial conductance reduction (VPD;, Pa); vapor pressure deficit at 
final conductance reduction (VPDf, Pa). Values are mean (a, number of samples).
ENF DNF DBF Grass Shrub
Ssimu 0.006 0.006 0.006 0.006 0.006
(0.0025, 76) (0.0025,76) (0.0025, 76) (0.0025,76) (0.0025, 76)
Scut 0.00006 ( - ,- ) 0.00006 (- ,-) 0.00006 ( - ,- ) 0.00006 ( - ,- ) 0.00006 (-,-)
Sbl 0.09 ( - ,-) 0.09 ( - ,- ) 0.01 ( - ,- ) 0.04 ( - ,- ) 0.02 ( - ,- )
LWPi -0.63 (0.22, 13) -0.63 (0.22, 13)' -0.34(0.14,11) -0.73 (0.71,4) -0.81 (0.27, 10)
LWPf -2.3 (0.99, 13) -2.3 (0.99, 13)' -2.2 (0.7, 11 ) -2.7 (1 .2 ,4 ) -4.2 (1.6, 10)
VPDi 610(170, 10) 610(170,10)' 1100(530, 7) 1000 (250, 11) 970 (240,9)
VPDf 3100(1400, 10) 3100(1400, 10)' 3600 (800, 7) 5000 (2700, 11) 4100(1000, 9)
* set equal to ENF
Miscellaneous Parameters 
Water interception coefficient
The water interception coefficient (W|m, Table 7) determines the amount of precipitation 
intercepted by the canopy. Canopy interception reduces the amount of precipitation entering the 
soil water pool. Additionally, because BIOME-BGC assumes that all canopy water must be 
evaporated before stomatal conductance occurs (diffusion through water is 10,000 times slower 
than through air), canopy water interception directly impacts transpiration. For BIOME-BGC 
parameterization, field studies must include measurements o f leaf area index and daily canopy 
interception. Such work is rare and results are highly dependent on the methodology used 
(Crockford and Richardson, 1990). Nonetheless, reported values fall within a relatively narrow 
range. Thornton (1998) and I were unable to locate any studies providing the required 
information for grass canopies and based on a generally erectophile leaf orientation, and I set 
grass Win, to 50% of the forest value.
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Light extinction coefficient
The canopy light extinction coefficient (k, defined as the mean projection of the unit foliage area 
on the plane normal to incident radiation, dimensionless. Table 7) controls canopy 
photosynthetically active radiation absorption. Measurements of k are abundant and most are 
based on the adoption of Beer's law in Monsi et al (1953): 
k= {-In ( I ,/!„ )} /LAI
where k is the extinction coefficient, 1; is the below canopy radiation, L is the above canopy 
radiation, and LAI is leaf area index. Measurements of I/Io are usually made with a radiation- 
measuring device such as a sunfleck ceptometer (Decagon Instruments, Pullman, WA). LAI has 
been measured with many techniques, including litterfall (Heilman and Fu-Guang, 1994), 
radiation transmittance (Chen et al., 1997), sapwood allometries (Pierce and Running, 1988; 
Sampson and Smith, 1993), and foliage biomass (Sampson and Allen, 1998). Alternatively, k can 
be calculated through physical measurement of the contact frequency (Norman and Campbell, 
1989) as in (Groeneveld, 1997). K is known to vary with solar angle in planophile (needle leaf) 
canopies (Black et al., 1991) but not in canopies with random (broad leaf) foliage orientation 
(Chen et al., 1997). Additionally, k appears to decrease with stand age as a result of changes in 
three-dimensional canopy structure (Brown and Parker, 1994; Heilman and Fu-Guang, 1994). 
Literature values of k are therefore drawn from a strikingly diverse pool of methodologies and 
stand conditions. As leaf morphology, not phenology, is the primary determinant o f k, I include 
evergreen broad leaf values in the DBF calculation. I report values based on measurements taken 
around solar noon or corrected to nadir values with the cosine of the solar elevation angle 
correction:
k= {-In ( I , ,U  cos 8 } /L A I
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where 0 is the solar elevation angle (0 directly overhead). The data showing all biomes at or near 
0.5 supports the statement in Chen et al. (1997) that 0.5 can be taken as a first approximation of k 
for almost all types o f canopies.
Fraction of ieaf nitrogen In rubisco
Ribulose bisphosphate-1,5-carboxylase/oxygenase (rubisco), the enzyme catalyzing the binding 
of COi, is probably the most abundant protein on earth. The fraction of leaf nitrogen in rubisco 
(FLNR, dimensionless. Table 7) controls potential rates of carboxylation, and is therefore a 
dominant control of canopy assimilation. While some data for ET.NR does exist, especially for 
crops, there is insufficient field data with which to parameterize natural vegetation types. FLNR 
can be related to more commonly measured parameters through the following equation (P.E. 
Thornton, personal communication):
FLNR = ( W c ^  SLA C:Nk.i ) /  ( T act ) 
where Vcmax is the maximum rate of carboxylation (|imol COim'^ s '), SLA is the specific leaf 
area (m 'kg C ') ,  C:Nie»f is the leaf C:N ratio (kg C kg N"'), F  is the ratio of the mass of rubisco to 
the mass of N in rubisco (7.16 kg rubisco kg N in rubisco ', Kuehn and McFadden, 1969), and act 
is the rubisco activity at 25°C (60,(X)0 jimol CO^kg rubisco ' s '', Woodrow and Berry, 1988). 
FLNR is in units of kg N in rubisco per kg leaf N, or a dimensionless fraction. Wullschleger 
(1993) summarized Vcnnx data for a wide variety of species. ENF and DBF FLNR are calculated 
from Vcmu summaries in Wullschleger (1993) and SLA and C:Nicaf presented above.
Wullschleger reported that measurement temperatures for ENF were generally lower than for 
other biomes, possible underpredicting Vcnu*. I therefore set Vcm» to the mean plus one a . I 
calculated a mean value for grass Vc™, from data presented in (Wullschleger, 1993). Shrub Vcma 
data was limited to hot shrubs and I chose to set shrub ETJ4R to the ENF value. Due to its high
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maximum rates of photosynthesis (Gower and Richards, 1990), I set DNF FLNR to the DBF 
value.
Calculated FLNR data appear to be within the range reported in the literature. In annual 
grasses, FLNR was 0.15 for Abutilon theophrasti and 0.09 for Amaranthus retroflexus (Tissue et 
al., 1995). FLNR was 0.17 in a fertilized Populus hybrid (fertilization raises rubisco investment), 
0.11 in Alocasia macrorrhiza, an Australian tropical understory species (Seeman, 1989), and
0.0457 in one year old needles of Pinus radiata (Thumbull et al., 1998). Crop values generally 
range from 0.15-0.30 (Makino et al., 1994; Makino et al., 1992).
Table 7, Miscellaneous parameters. Water interception (W|n„ 1 LAF' day '); light extinction 
coefficient (k, dimensionless); fraction of leaf nitrogen in Rubisco (FLNR, dimensionless). Values are 
mean (a, number of samples).
 ENF___________ DNF____________ DBF___________Grass________ Shrub_________
Win, 0.045 (0.012, 5) 0.045 (0.012,5) 0.045 (0.012, 5) 0.022 (- ,- )  0.045 (0.012, 5)
k 0.51 (0.052, 14) 0.51 (0.052, 14)' 0.54(0.079, 11) 0.48 (0.13,21)0.55 (0.10, 8)
FLNR 0.033 (0.011, 10) 0.088 (0.026, 19)"0.088 (0.026, 19) 0.21 (0.11, 3) 0.033 (0.011, 10)'
set equal to ENF 
set equal to DBF
Sensitivity Anaiysis
Model structure is discussed elsewhere (Thornton, 1998). My purpose in this section is to: 1) 
present a comprehensive BIOME-BGC sensitivity analysis for all parameters; 2) identify 
parameters dominating ecosystem function; and 3) identify critical and poorly constrained 
parameters.
Methods
I used the VEMAP dataset (Pan et al., 1998; VEMAP, 1995) to conduct the sensitivity analysis. 
The major inputs for BIOME-BGC include daily meteorology, soil type and depth, landcover, 
and N deposition, most of which are provided in a high-quality format by VEMAP at a  0.5“ x 0.5“
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resolution. VEMAP produced daily meteorology (Kittel et al., 1999a; Kittel et al., 1997; Kittel et 
al., 1999b) from monthly climatic means and a stochastic weather generator for both pre­
industrial (1795-1894) and industrial (1895-1993) time periods. Soil percent sand, silt, and clay 
and depth data were developed from the 10-km Kem dataset (Kern, 1994; Kern, 1995). The 
original VEMAP potential vegetation classification (Kiichler, 1964; Kiichler, 1975) was 
reclassified into a six-vegetation type classification. Vegetation types were as for the 
parameterization with the inclusion of Cj (C3G) and C4 grasslands (C4G). C4G is parameterized 
as for C3G. The only difference between the two grasslands is a simplified mechanism to 
concentrate CO2 levels and to increase quantum yield efficiency. Pre-industrial N deposition was 
estimated in a three-step procedure (P.E. Thornton, personal communication). First, using mean 
values from the five three-dimensional chemical models in Holland et al. (1997), pre-industrial 
total global land surface N deposition was estimated as the difference between total current land 
N deposition and current fossil fuel N deposition. The mean value was 11.6 TgN year '. Second,
N deposition was assumed to be linearly related to precipitation in a 14-year daily gridded 
meteorology dataset (Piper, 1995). A precipitation to N deposition relationship was calculated. 
Third, the same relationship was applied to the VEMAP pre-industrial precipitation levels to 
estimate pre-industrial N deposition. VEMAP does not provide an industrial N deposition dataset. 
I used the 5“ x 5“ MOGUNTIA (Dentener and Crutzen, 1993; Dentener and Cratzen, 1994; 
Zimmermann, 1988; Zimmermann et al., 1989) estimates of industrial N deposition scaled to the 
VEMAP resolution using the mean of cubic convolution and bilinear interpolation filters (P.E. 
Thornton, personal communication).
I executed model simulations as follows. First, I randomly selected 10 pixels for each 
biome (Appendix D). The VEMAP dataset does not include any DNF pixels, so I used the 
distribution map in Gower and Richards (1990) to identify areas known to contain larch. Second, 
I conducted long-term historical BIOME-BGC simulations to initialize soil C and N pools. These 
initialization runs (also termed spinup runs) terminate when equilibrium levels of net ecosystem
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C exchange are attained, typically 500-4000 years. I used the pre-industrial meteorology file and 
constant levels of CO2 and N deposition for these runs. Third, I ran industrial simulations with 
varying levels of CO2 based on VEMAP data (from ice core and atmospheric measurements). I 
increased N deposition from pre-industrial to industrial (1990) levels at the same rate as CO2 
increases. For a given parameter, I conducted simulations at three levels of the param eter the 
mean value, 80% (low runs), and 120% (high runs). I calculated the normalized difference (ND) 
between the high and low runs as (high-low)Zmean. ND thus expresses the difference caused by a 
± 20% variation in parameter value as a percent of the mean.
To reduce complexity, I limited the analysis to several commonly modeled outputs: LAI, 
gross primary production (GPP), soil C (SOILC), wood C (WOODC, the sum of live and dead 
stem and coarse root C), heterotrophic respiration (HR), and transpiration (TRAN). Additionally, 
note that soil organic N directly follows soil C and thus exhibits the exact same sensitivity. I 
present transpiration as opposed to total évapotranspiration (ET) because the different 
components of ET tend to act in opposite directions: i.e., parameters increasing soil evaporation 
tend to reduce canopy evaporation, resulting in a dampened sensitivity of ET to parameter 
variation. I conducted a three-part sensitivity analysis as follows.
I first identified the parameters most dominating BIOME-BGC predictions. For these 
parameters, I conducted an expanded sensitivity analysis with the parameter set to the mean ±  a  
and calculated a second ND. Thus, there are two NDs: one for variation ± 20% of the mean 
(ND20) and one for variation ± a  of the mean (N D J. I also investigated parameter sensitivity 
across water balance gradients. I defined water balance as growing season (March - October) 
annual precipitation - growing season potential évapotranspiration (PET, see Appendix E for 
calculation). For the expanded analysis, I focused on GPP and net primary production (NPP) in 
the ENF. I added NPP to the analysis because nitrogen concentration affects respiration rates.
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which are not included in GPP. I then analyzed results grouped by outputs (LAI, GPP, etc.) and 
finally by biome (ENF, DNF, etc.).
Finally, once the critical parameters were identified, I selected two of the most sensitive 
parameters and conducted continental U.S. simulations of NPP with the VEMAP dataset 
(computational time made simulation of all critical parameters impractical). I used the same 
increasing CO; and N deposition scenarios and extracted the final ten years for analysis. For each 
parameter, I conducted simulations with the parameter set to the mean ± a . These simulations 
show the uncertainty in continental-scale model predictions associated with real world variability 
in parameter values.
Resuits and Discussion 
Parameter sensitivity
Figure 1 shows the ND20 between the high and low runs. Given the amount of information 
contained in Figure 1, it is not practical to present results for every case. For discussion purposes.
I will therefore focus on the parameters that exert a strong control on BIOME-BGC outputs 
across multiple biomes. Figure 2 shows that, in general, as the number o f significant differences 
increases, so does the magnitude of the difference between the high and low runs. Essentially, if 
parameter variation tends to affect a large number of outputs in numerous biomes, it also tends to 
produce large output sensitivity. In the following sections, I will discuss the seven parameters in 
Figure 2 that affect at least 15 outputs with a minimum 10% ND20. The presentation is ordered by 
the number of significant differences, from highest to lowest, as shown in Table 8.
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Figure 1. Normalized differences (NDs) and frequency histograms for parameter variation 
± 20% of the mean value. Lower panels show the NDs for variation in each parameter. For 
example, consider the lower LAI panel. The blue square (shrub biome) at the top line of the 
lower panel (fraction of leaf nitrogen in rubisco, FLNR), has a value of approximately 0.55. 
This indicates that the difference between the high and low runs is 55% of the mean value. 
Values to the right of the vertical line indicate that increasing the parameter value increases 
the output; values to the left indicate the reverse. Symbols plotted represent cases in which 
t-tests for difference of means showed that the high runs were different than the low runs at 
the 1% signiflcance level. Symbols are ENF (red cross), DNF (green star), DBF (brown 
upside down triangle), C3G (pink diamond), C4G (black triangle), and shrub (blue square). 
Upper panels show frequency histograms of all significant NDs for each output variable, x 
axis is as for lower panels.
C:Nieafand FLNR
I discuss these parameters together because of their strong co-responsiveness. C:Nieaf shows two 
main responses (Figure 1). First, increases in C:Nieaf reduced LAI, GPP, SOILC, WOODC, and 
HR for the four woody biomes. Second, both grasslands responded oppositely; increases in 
CrNieaf increased outputs. Reducing the leaf N levels (increased C:N, lower % N) reduces the 
amount of rubisco and reduces nutrient demands for the construction of new leaves. In biomes 
where the FLNR is low, as in the ENF and shrub biomes, slight reductions in leaf N content will 
seriously reduce already low levels of rubisco. Thus, ENF and shrub biomes show the most 
extreme response to increased CzNk»,. In the woody biomes, even though leaves are less nutrient-
Table 8. Critical BIOME-BGC parameters, n 
= number of outputs affected by parameter 
variation (significant at 1% level); ND% = 
absolute value of the normalised difference 
((high-low)/mean).
parameter n NDio
CrNteaf 30 0.20
Simax 26 O.IO
C:Nfr 24 0.14
FLNR 23 0.28
FRC:LC 23 0.18
SLA 23 0.16
FM 16 0.14
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Figure 2. Number of normalized differences (NDs) signiflcant at the 1% level vs. the 
absolute value of the NDs. Each point shows the number of signiRcant NDs for one 
parameter and the absolute value of the NDs.
expensive to construct in the high C:Nk.f scenario, there is not enough C assimilation to produce 
higher LAI. Grasses, though, maintain extremely high levels of FLNR. Even relatively major 
variation in leaf N will have little affect on photosynthesis. By decreasing leaf N levels, the main 
effect is thus to reduce N requirements, allowing for increased LAI and GPP which translates to 
increased C input to soils and increased HR.
FLNR shows patterns that are consistent with the findings from C:Nieaf (Figure 1). 
Increasing FLNR increased the five non-water outputs, with the largest increases for the biomes 
with the lowest E^LNR. The only significant effect for grasslands was a slight increase in SOILC 
for C3G. Altering FLNR does not change N requirements, simply the fraction of total leaf N 
invested in photosynthetic machinery. For the biomes that appeared to be assimilation limited in 
the C:Nieaf discussion, an increased investment in rubisco dramatically increased outputs. For
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grasslands, an increase in FLNR from already high levels does not result in large increases in 
carboxylation and C assimilation, and there is no affect on GPP or LAI.
Figure 3 is the first in a series showing the expanded investigation of parameter 
sensitivity. The critical difference between these figures and Figure 1 is that here I test the 
uncertainty in assimilation predictions caused by the variation in the parameter, while Figure 1 
shows sensitivity for a standard 20% variation (ND,, vs. ND20). Thus, the expanded analysis 
shows the uncertainty in predictions caused by parameter variation within its real world range of 
uncertainty (ci).
The expanded analysis (Figures 3a) shows that ENF GPP is persistently increased by 
reducing CzNkar values. C:N values are a non-linear transformation of nitrogen concentrations;
i.e., at C:N below about 20, the nitrogen concentration is increasing exponentially. Consequently 
at CrNieaf below 20, maintenance respiration costs, calculated as a function of C:Nieaf (Ryan.
1991), negate the increases in GPP and NPP is reduced. LAI follows the same pattern as NPP 
(not shown). Variation ±  o  produced a NDo of -0.26 (from circles in Figure 3a).
Figure 3b shows that C:Nieaf minimally affects NPP in xeric sites but that as site growing 
season precipitation approaches or exceeds growing season PET, the effects of C:Niaf variation 
increase. However, this is only true when differences are expressed as absolute values o f NPP. 
When expressed as a ND@, there is only a slight, statistically insignificant trend toward xeric sites 
being more responsive than mesic sites. Thus, it is the difference in absolute values of NPP 
between sites that creates a significant climatic effect; as a fraction of the site productivity there is 
no relationship between water balance and productivity. All of the critical parameters exhibit the 
same pattern o f increasing sensitivity in more favorable climates for slope but not for NDq. In 
subsequent figures, I show only the slope data. Patterns are fairly consistent and I will not discuss 
them for each parameter (one exception noted below).
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Figure 3. (A) The effect of increasing leaf carbon to N ratio (C:Nicar) on simulated GPP 
(solid line) and NPP (dashed line). Data are averaged across the ten ENF sites. Reductions 
in CzNicafincrease investment in photosynthetic capacity, but also increase respiration, 
leading to the decrease in NPP below C:Nkmf = 20. Circles show the ENF mean C:Niear (±o). 
(B) Water balance (growing season total precipitation - growing season total potential 
évapotranspiration) versus the slope of the C:N|car to NPP relationship (stars and line). Each 
point shows the slope of the line for the three circles in panel A, but for one site only. 
Increasingly negative values of water balance indicate increasingly water-limited sites. As 
site water balance increases, sites are more sensitive to the effect of C:Nkmf variation on NPP 
(P<0.01, r̂  0.79). Circles are based on the same data, but here are expressed as a normalized 
difference of the mean (ND,^. The relationship between water balance and ND, is not 
significant, indicating that water balance is related to the absolute value of NPP, not NPP 
percent variation.
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Figure 4a indicates that, as discussed above, responses to FLNR are not linear. Increasing 
FLNR from along the range of variability for ENF, for example, produces a NDo o f 0.83. A 
FLNR increase from 0.12 to 0.14 would produce extremely minor NDs. Grasses are therefore 
unsurprisingly absent from the FLNR lines in Figure I. Note that since FLNR does not affect 
respiration rates, the responses for GPP and NPP are similar.
Qsmax
Increases in g,ma% reduce LAI, GPP, WOODC (woody biomes only), and HR in all biomes except 
C4G (Figure I). At gjmw above 0.006 m s ', any marginal gains in assimilation for the C3 biomes 
are more than offset by increased water loss. In C4G, even though higher g,mox increases water 
stress, gcut and the CO2 concentrating mechanism allow for continued assimilation even at 
stomatal closure. Consequently, there is no significant effect of on C4G LAI and GPP. 
SOILC exhibits different responses to increased g,n=x depending on the balance between litter 
inputs and soil moisture effects on HR. In the shrub biome, increase in g,nnx causes the most 
significant decrease in LAI and GPP. Litter inputs to the soil pool are also strongly reduced, 
leading to a net decrease in SOILC. In DNF and C4G, the increased depletion of soil water 
decreases HR, causing an increase in SOILC even though litter input is slightly reduced. C4G, 
which experiences no net change in assimilation and increased water loss, shows the largest 
increase in SOILC.
In ENF, reducing gama% to about 0.002 m s-l (Figure 5) increases NPP. Below 0.002 m s ', 
gimu is insufficient to acquire enough CO2 and assimilation (and LAI) plummets to extremely low 
levels. g,mw variation ± a  resulted in an ND, of -0.26 across the ten sites (Figure 5a) and 
significant water balance responses for slope (Figure 5b) but not for ND„ as discussed for C:Nkaf.
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Figure 4. As for Figure 3. (A) The effect of increasing the fraction of ieaf N in rubisco 
(FLNR) on simulated GPP and NPP. Increases in FLNR increase carboxylation, but above 
0.1, rubisco activity is no longer the primary limitation and the relationsUp becomes 
asymptotic. (B) Water balance versus the slope of the FLNR to NPP relationsbip. As site 
water balance increases, sites are more sensitive to the effect of FLNR variation on NPP 
(P<0.01,r*0.75).
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Figure 5. As for Figure 3. (A) The effect of Increasing maximum stomatal conductance 
(gnnax) on Simulated GPP and NPP. Increases In g—  Increase water stress, reducing 
assimilation. Below 0.002, CO% uptake Is Insufficient and productivity crashes. (B) Water 
balance versus the slope of the g.^., to NPP relationship. As site water balance Increases, 
sites are more sensitive to the effect of g.».. variation on NPP (P<0.01, r̂  0.86).
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C:N,r
Root N allocation is purely a cost required for the construction of fine roots; increased N 
investment does not confer any advantages, as it does with leaf N. Higher C:Nfr (a reduction in N 
content) then leaves more N available for investment in leaf N and rubisco. LAI, GPP, SOILC, 
WOODC, and HR are increased across most biomes (Figure 1) with increases in C:N&. However, 
at C:Nfr above about 60, N ceases to limit production so extremely and further raising C:Nfr 
provides only incremental GPP and NPP increases (Figure 6a). Within the range of parameter 
variation, NDo was 0.56 (Figure 6a). The difference between the two lines is maintenance 
respiration, which is highest at low C:N&, causing the slower increase in NPP than in GPP.
FRC:LC
As noted in the Table 2 legend, the value for ENF, DNF, and shrub FRC:LC is set to the median, 
not the mean value. The distribution of FRC:LC for ENF, upon which three biome values are 
based, is highly positively skewed, with the mean value (2.7) almost twice the median (Figure 7). 
Ratios close to one often produce skewed distributions because of the limited possible range of 
values less than one versus the unlimited range of values greater than one. Inverting the ratio to 
LC:FRC, for example, removes the skewness. Selecting the mean value also produced an 
indefensibly large allocation of C to fine roots. Even though N and water were both available,
LAI development with ETlCiLC at the mean value was severely photosynthetically limited by fine 
root C consumption. With FRC:LC set at the mean, ENF did not grow an LAI above 1.9, even at 
relatively warm and wet sites two and four (Appendix D). Thus, the median value was more 
appropriate. I also checked all other ratio values and found that ENF FRC:LC was the only case 
with extreme skewness. Figure 8 shows an NPP NDo of -0.83 caused by varying FRC:LC ± a . In
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Figure 6. As for Figure 3. (A) The effect of increasing fine root carbon to N ratio (C:Nrr) on 
simulated GPP and NPP. Increases in C:Nfr make more N available for photosynthesis, hut 
above about 60, N becomes less limiting and the relationsbip becomes asymptotic. (B) Water 
balance versus the slope of the C:Nft. to NPP relationsbip. As site water balance increases, 
sites are more sensitive to the effect of C:N^ variation on NPP (P<0.01, r̂  0.79).
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reality, I could not reduce ETIC:LC by a  as this would have produced negative values. The low 
value is 0.025. C allocation to fine roots, since it is tied to a constant C:N ratio, represents a fixed 
reduction of N available for photosynthesis. LAI, GPP, SOILC, WOODC, and HR are thus 
reduced by increased FRC:LC (Figure 1), with LAI being the most affected. Since additional 
canopy provides asymptotic, not linear, increases in productivity (due to exponential radiation 
absorption), the effect o f FRC:LC on GPP is reduced (Figure 1).
Overall, because of the extreme methodological difficulties involved in measuring fine 
root production and the inconsistent methodologies used, MIC:LC is the most poorly constrained 
of the critical BIOME-BGC parameters. FRC:LC was also the only parameter with a o  (pseudo a) 
larger than the mean (median). The conservative nature of the parameter (1.0-1.4) suggests some 
consistent patterns exist across biomes, but it is difficult to know if this is accurate or merely a 
function o f disparate methodologies. I suggest an alternative method to obtain this parameter 
using eddy covariance (Baldocchi et al., 1996; Goulden et al., 1996). Given that the majority of 
other parameters are much better constrained (with the exception of FM, WPM (relatively 
unimportant at short time scales and low spatial resolutions) and LWT (generally unimportant.
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Figure 8. As for Figure 3. (A) The effect of increasing the ratio of new fîne root carbon to 
new leaf carbon allocation (râC:LC) on simulated GPP and NPP. Increases in FRC:LC 
divert carbon to below-ground plant pools, creating a photosynthetic limitation to NPP. (B) 
Water balance versus the slope of the FRC:LC to NPP relationship. As site water balance 
Increases, sites are more sensitive to the effect of FRC:LC variation on NPP (P<0.01, r̂
0.76).
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Figure I)) it should be possible to solve for FRC:LC with a known value of total ecosystem 
exchange from the eddy covariance methods. In short, I feel that the best way to obtain FRCrLC 
values is to tune the parameter to obtain a known output measured by micrometeorological 
techniques. Currently, the accuracy of the eddy covariance technique is not adequate for this 
approach, but future improvements may make it possible.
SLA
With the exception of LAI, variation in SLA produces responses that are highly similar to those 
produced by g,„nx (Figure 1). As LAI is the product of SLA and leaf C, increases in SLA translate 
to a direct increase in LAI. However, increasing LAI does not necessarily increase GPP. For 
shrub, ENF, and DBF, the increases in LAI increase water stress in the same manner as increases 
in gjTOx. reducing assimilation. Figure 9 shows a linear increase in GPP and NPP with decreasing 
SLA and as for g,m», a critical level (4.5) below which assimilation drops precipitously. NDo 
along the range of natural variability is -0.29. Climatic responses are as for C:Nieaf wherein mesic 
sites respond more than xeric sites on a slope, not NDo, basis.
FM
Grasslands are most strongly affected by variation in EM (Figure 1). Fire in BIOME-BGC 
volatilizes N, which is currently not returned to the ecosystem through wet deposition. Thus, the 
high EM set for grasslands results in a considerable loss of N from the ecosystem, creating the 
high sensitivity to N availability already discussed above. Increasing EM seriously reduces 
grassland LAI, GPP, SOILC, and HR with diminished effects in DNF and on WOODC for all 
woody biomes. On a  global scale, uncertainty in fire frequency, fire size, and combustion 
efficiency, especially in tropical savannas, is a major liability and should be a research priority. 
Grassland responses to EM are slightly non-linear, with a greater GPP and NPP sensitivity at low 
EM (Figure 10). N D , was -0.25 across the range of parameter variation.
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Figure 9. As for Figure 3. (A) The effect of increasing specific leaf area (SLA) on simulated 
GPP and NPP. Since LAI = SLA x leaf carbon, increases in SLA directly increase canopy 
LAI. Increased LAI, independent of any changes in leaf nutrition, increases water stress 
and reduces assimilation. (B) Water balance versus the slope of the SLA to NPP 
relationship. As site water balance increases, sites are more sensitive to the effect of SLA 
variation on NPP (P<0.01, r*0.87).
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Output and biome sensitivity
Frequency histograms of the output variables indicate generally bimodal distributions with modal 
values occurring slightly above and below 0.0 (Figure 1, upper panels). WOODC, with a more 
normal distribution and a slightly positive skewness, is the exception. Figure 11 shows that biome 
response to parameter variation is different between woody and non-woody biomes. Grasses, with 
frequent minor effects from variation in litter and fine root fractions, have ND^s clustered close 
to zero (Figure 1) and the lowest mean NDioS of any biomes. Large grassland NDjoS occur only 
with variation in FM. Grasslands, although generally slightly affected by parameter variation, 
show the largest number of significant NDiqS. C4G and C3G responded highly similarly. Shrub, 
ENF, and DNF have fewer but generally larger NDtqS. Shrub has an intermediate number of NDs, 
but by far the greatest variability and largest number of extreme NDiqS (Figure 11). This suggests 
that the climate —  parameter sensitivity relationship found within the ENF may not exist between 
biomes. The number of significant NDiqs in woody biomes is ordered from highest to lowest as 
follows: DBF, ENF, Shrub, and DNF.
Continental responses
NPP simulations for the continental U.S. in which I varied FLNR and g,mox (two of the most 
sensitive parameters) showed extensive impacts from parameter variation. Reducing FLNR from 
the mean + <y to the mean -  o  reduced continental U.S. NPP from 3416 to 2486 TgC y r ‘. Similar 
reduction in g,mnx had the opposite effect, increasing U.S. NPP from 2730 to 3125 TgC yr ‘. On a 
percent basis, increasing FLNR increased NPP by 37.4% while increasing g.m.. reduced NPP by 
12.6% Thus, continental results showed the same patterns as the point simulations: increasing 
FLNR greatly increased assimilation while increasing g,m« reduced NPP.
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Figure 11. Mean absolute value of NDioS grouped across all outputs (LAI, GPP, etc.) for 
each biome. Values in parentheses are the number of ND^s significant at the 1% level. 
Error bars are plus one o.
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Ecosystem Synthesis
In addition to providing the biogeochemical modeling community with a referenced parameter 
list and an improved understanding of model function, the preceding analysis also illuminated 
numerous patterns o f general ecosystem function that should be relevant for anyone with an 
interest in large-scale ecology. I now present patterns of synthetic ecosystem function of broad 
interest.
Logical Parameter Associations
In a global survey of multiple vegetation types, Reich et al. (1997) found strong linkages between 
SLA, leaf longevity, and leaf nitrogen concentration. In summary, high rates of net carbon 
assimilation at the leaf level = high SLA = short leaf longevity = high leaf nitrogen concentration. 
The theme was that plants essentially make a decision between having short-lived, high 
productivity leaves or long-lived, less productive foliage. In general, increasing leaf longevity 
reduces nitrogen investment (Chabot and Hicks, 1982; Diemer et al., 1992). Here, even though I 
consider biome means and not a continuous vegetation gradient, I found similar parameter 
variation in the three best-referenced biomes (ENF, DBF, and grass) for parameters that are not 
constant (i.e. g,ma%) and which occur across all three biomes (excludes parameters relating to 
wood). Table 9 shows ordinal patterns of parameter variation. Several patterns emerged from the 
data;
1. ENF and grass had high or low rankings for 14 out of the 16 parameters; DBF had nine 
medium rankings.
2. Patterns of SLA, C:N, and leaf longevity were consistent with the findings in Reich et al. 
(1997). ENF, for example, had low leaf turnover, the lowest SLA, and the highest CrNtaf 
while grass had high leaf turnover, high SLA, and low CrNtaf.
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Table 9. Ordinal rankings of common parameters for ENF, DNF and Grass biomes. For a given 
parameter, a high ranking indicates the highest absolute value out of the three biomes. For example, 
FRC:LC was highest in ENF (1.4), followed by DBF (1.2) and grass (1.0). Two high or low values for 
a single parameter indicate identical values.
ENF DBF Grass
LFRT low high high
WPM low low high
FM low medium high
FRC:LC high medium low
C:N|eaf high low low
C:N,u high medium low
C:Nfr high low medium
L|ab low medium high
Lcel high medium low
Llig high medium low
SLA low medium high
LWP, medium high low
LWPf medium high low
VPD, low high medium
VPDf low medium high
FLNR low medium high
3. Other patterns of leaf nutrition were consistent with the leaf longevity, SLA, and C:Nieaf 
patterns. Lub was low in ENF and high in grass while Lug showed opposite patterns. FLNR 
was by far the lowest in ENF.
4. Patterns of LWP and VPD affects on stomatal conductance were somewhat ambiguous. The 
main conclusion is that grasses were able to maintain conductance to more negative LWP and 
higher VPD than were the woody biomes.
5. High FM and WPM accompanied high levels of leaf nutrition. By investing heavily in high 
photosynthetic capacity leaves, it is possible that grasses have become more susceptible to 
insect outbreak. High grassland FM is probably more a climatic than physiological effect.
Thus it appears that the patterns developed by Reich et al. (1997) hold across a wider range of
parameters encompassing litter quality, sensitivity to atmospheric and soil water stresses, and
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disturbance. In summary, the rankings in table 9 suggest that nutritious leaves sacrifice a high 
susceptibility to disturbance and drought stress for the capacity to photosynthesize at high rates.
Assimilation limitations
The factors identified by Reich et al. (1997) as increasing instantaneous rates of assimilation do 
not necessarily result in increased LAI or GPP at the ecosystem level. In all biomes, increased 
SLA increases LAI yet decreases GPP through a feedback from increased water stress.
Essentially, higher SLA has no direct effect on photosynthetic capacity, yet by increasing LAI 
increases canopy conductance, which in turn depletes soil water. If LAI development were 
limited purely by the ability of the canopy to produce more carbon (photosynthetic limitation), 
increasing leaf nutrition (photosynthetic capacity) would always increase LAI. For the woody 
biomes, this is true: increasing FLNR and reducing C:Nieaf increases LAI (Figure 1). For grasses, 
increased FLNR has no effect and increasing C:Nieaf actually increases LAI. Reductions in leaf 
nitrogen content are more than compensated by very high FLNR in grasses. The increase in 
C:Nieaf from very low levels exponentially reduces maintenance respiration costs (see Figure 3), 
further increasing LAI. Retranslocation was also lowest in grass, suggesting that high 
photosynthetic investment may reduce the ability to recover nitrogen, further enhancing growth 
limitations. Thus, grasses appear to be limited by their foliage nutrition, both in terms of 
construction nitrogen required and respiration costs. GPP follows the same patterns as C:Nieaf.
Transpiration Controls
Parameters influencing plant water relations were remarkably unimportant for the prediction of 
annual transpiration (Figure I). It is important to remember that these results are 99-year mean 
from 10 sites per biome. Over a wide climate range over many years, there is little parameter 
control over transpiration, yet parameters controlling water interception and stomatal function do 
have a strong impact on the seasonal patterns o f transpiration, evaporation, and outflow.
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Ultimately, these parameters tend to control when, not how much, water is used. Thus when 
attempting to model the seasonal trends in water vapor flux from eddy covariance towers, 
realistic patterns of seasonal runoff, or daily energy budgets, accurate treatment of these 
parameters is critical.
Decomposition Controls
Moorehead et al. (1999) found that in an intercomparison of modeled vs. measured 
decomposition, litter quality was a significant control of decomposition rates (heterotrophic 
respiration, HR). Figure 1 shows that to a limited extent, BIOME-BGC was also sensitive to litter 
quality. For C3G and C4G, increased lignin in litter or fine roots lowered HR while increased 
cellulose or labile fractions increased decomposition. C:Nut did not significantly affect HR for 
any biome, suggesting that, as found by Murphy et al. (1998), litter labile, cellulose, and lignin 
fractions may be more important for decomposition rates than leaf litter nutrient levels. Increases 
in CiNfcaf decreased HR for woody biomes and increased HR for grasses. Additionally, higher 
FLNR increased HR for the woody biomes. Since both of these parameters are strong controls 
over LAI and thus the total input of litter, this suggests that the amount, not the quality, o f litter is 
a strong control on HR in grasslands.
However, in their survey, Buchmann and Schulze (1999) found that total nighttime CO: 
flux measured with the eddy covariance method (integrating HR and autotrophic respiration) had 
no relation to LAI. They speculated that this might be due to high autotrophic respiration and low 
heterotrophic respiration in high LAI stands. Their assumption is that large LAI significantly 
reduces soil temperatures, thus reducing HR. The logical conclusion of their work, although not 
explicitly stated, is that high LAI sites will experience high rates of litter buildup between 
disturbance events. The forests of the eastern U.S. and western Europe, which generally do not 
bum, had no increases in productivity at higher LAI (Buchmann and Schulze, 1999), suggesting
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that slow rates of decomposition might prevent leaf nutrients from entering the mineral nitrogen 
pool.
For two reasons, BIOME-BGC would not currently capture this dynamic. First, soil 
temperature is calculated from air temperature without corrections for LAI, so the finding that 
high productivity equates to high HR may be due to errors in soil temperature. Second, BIOME- 
BGC currently employs a constant disturbance per year for each pixel. At very large scales, this 
may be appropriate, but at smaller scales, the data from the flux towers suggests that a stochastic 
disturbance generator as well as a consideration of stand disturbance history and land use will be 
helpful.
Moorehead et al. (1999) identified climate as the most important control over 
decomposition. Figure 12 shows that across biomes, full year water balance had a strong and 
positive affect on simulated HR. Within biomes, the relationship was highly variable and 
generally separated between woody (DNF not included in standard U.S. VEMAP runs, see 
methods for explanation) and non-woody biomes. Shrub appeared to demonstrate exponentially 
increasing HR with increasing water balance. DBF had a linear response up to about - Im water 
balance and a strong clustering thereafter. ENF had a similar response, yet also had a series of 
points with high water balance and relatively low HR, probably a result o f summer minimum 
precipitation in otherwise wet climates. In C3G and C4G, though, water balance has a reduced 
impact. For a relatively wide range of water balance, there is little variation in grass HR. For 
biomes with easily degradable litter (high Liab) it therefore appears that climatic variation has little 
affect on HR while for biomes with more recalcitrant leaf litter and the input of dead wood, 
decomposition increases in more mesic environments. Ultimately, because they could not resolve 
differences between root and soil respiration and because high LAI stands tend to occur in mesic 
climates (high HR), Buchmann and Schulze (1999) do not provide a satisfactory explanation for 
the constant rates o f nighttime fluxes with LAI.
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Figure 12. Water balance versus heterotrophic respiration. Symbols: DBF (tan); ENF (red); 
C3G (pink); C4G (green); Shrub (blue). Each point represents the 99-year mean annual 
water balance and decomposition for a VEMAP pixel. As decomposition can occur year 
round, I used annual water balance (not growing season as in earlier figures).
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Summary of Parameter Functional Groups
In their global survey of average maximum net canopy assimilation rates (Ajma*. total canopy, not 
per LAI), Buchmann and Schulze (1999) found that the ordinal relationship among biomes was 
DBF > grass (C3) -  ENF. This is consistent with the patterns presented above. I speculate that the 
following general patterns, as illustrated in Figure 13, govern this field result. In spite of having 
optimal leaf nutrition, grass nitrogen limitations (to construct and maintain leaves), exposure to 
drought stresses, and high disturbance caused the low grass LAI found in Buchmann and Schulze 
(1999). Thus a small canopy coupled with high photosynthetic capacity yields A,mu values 
comparable to a large canopy of poor quality foliage in ENF. Longer growing seasons also 
compensate ENF for low quality foliage. With moderate controls on stomatal responses to water 
availability and moderate leaf nutrition and costs (Table 9 and Figure 13), DBF attained high LAI 
and the highest A:mw of the three biomes (Buchmann and Schulze 1999). Only crops had higher 
A,ma% (Buchmann and Schulze, 1999). High Lub coupled with low climatic controls on 
decomposition in grasslands is likely to reduce litter C:N to microbial levels within a single year, 
thus mineralizing the nitrogen in litter materials. In a nitrogen limited system, this is an advantage 
and may be an evolutionary reason that grasslands do not contain woody materials.
How Can Parameter Uncertainty be Reduced?
Uncertainty in FRC:LC and FLNR, especially for ENF, is the greatest weakness in model 
parameterization. Variation in FLNR from high (mean + o) to low (mean - a ) levels reduced 10- 
year mean annual U.S. NPP by 37%! Dai and Fung (1993) found that interannual climate 
variation produces variation in carbon sequestration as large as the "missing sink"; here, variation 
in one parameter, albeit an extremely sensitive one, produced variation in NPP of a similar 
magnitude within the U.S. alone. Clearly, an alternative scheme should be developed to reduce 
the uncertainty in parameter selection.
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Figure 13. Conceptual chart of biome-level parameter groups and resulting maximum net 
ecosystem assimilation rates. Biomes (shown at top of chart) are evergreen needle leaf forest 
(ENF), deciduous broadleaf forest (DBF), and grass (C3). Symbols indicate biome levels for 
a given parameter group: up arrows = high; down = low; rectangles = intermediate. 
Parameter categories (left boxes) are as follows. 1) Leaf quality is a function of C:Niear, the 
fraction of leaf nitrogen in rubisco (FLNR), LFRT (leaf and fine root turnover), and specific 
leaf area (SLA). In general, low C:Nicar, high FLNR, high LFRT, and high SLA equate to 
high quality foliage (high pbotosyntbetic capacity). 2) Leaf costs represent the nitrogen 
required for leaf construction and maintenance respiration (R^) costs. 3) Disturbance 
includes fire mortality (FM) and whole plant mortality (WPM). 4) Drought resistance 
represents the ability of the plants to regulate stomatal function under atmospheric (vapor 
pressure deficit, VPD) and soil (leaf water potential used as a surrogate, LWP) water 
stresses. 5) Climate controls on heterotrophic respiration (HR) shows the degree to which 
climate variation affects microbial decomposition rates. 6) Litter quality controls on HR 
shows the degree to which the chemical fractionation of litter into labile (L^b), cellulose 
(L«i), and lignin (Lu,) controls microbial decomposition rates. Bottom panels show the 
average maximum net ecosystem assimilation rates (pmol CO% m ' s ') for each biome.
There are essentially two options. First, a more exhaustive parameterization could be 
used to more accurately represent the global mean for each biome. This approach would still 
ignore parameter variation within each biome. For example, leaf longevity varies from about two 
years to over ten years within the ENF (Figure 14, from data in Appendix F). Since Figure 1 
shows that LFRT strongly affects LAI and GPP for the evergreen biomes, it would be logical to 
develop a scheme allowing for spatial variation in parameter level. Consider the following five- 
part scheme to reduce uncertainty in six of the seven critical parameters (additionally LFRT). 
Issues relating to g,ma% are discussed In a following section.
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Figure 14. Histogram of leaf longevity In the ENF biome. Data source Is Appendix F.
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1. I return again to the broad functional linkages between SLA, C:Nieaf, and leaf longevity 
developed by Reich et al. (1997). If one of the three parameters can be initially derived, the 
other two can then be calculated. There is already evidence that C:Nk,f tends to increase with 
warmer temperatures in North America (Yin, 1993), suggesting that based on climate alone, 
it may be possible to predict C:Nieaf. From a known CiNkaf it would then be possible to 
predict LFRT (leaf longevity) and SLA. In grasslands, the growing season is usually occupied 
by a progression of species, each with leaf longevity much less than one year (Dickinson and 
Dodd, 1976). Considering such shorter life spans in BIOME-BGC would further enhance the 
leaf longevity to parameter relationship.
2. FLNR could then be recalculated based on the spatial variation of SLA and C:Nk,f.
3. C:Nft.appears to follow similar patterns with climate, (Yin and Perry, 1991) again suggesting 
the possibility o f using site climate to predict C;N.
4. As discussed above, I suggest that in the future, it may be possible to tune FRC:LC to 
produce known ecosystem C exchange measured by eddy covariance methodologies.
5. Reduction in FM uncertainty will require the development of a spatially variable global mean 
fire mortality dataset.
A complete global parameterization following this scheme is beyond the scope of this research. 
C:Nfr calculation relies on root diameter data, FRCzLC will require extensive field 
micrometeorology, and a FM dataset will probably take years to develop. It was possible, though, 
to develop maps of the spatial variation of C:Nieaf. SLA, leaf lifespan (the inverse of LFRT), and 
FLNR for the continental U.S. I present methods and equations for the procedure in Appendix G.
Mean values between the spatial method presented here (Figures 15 and 16) and the 
single value per biome presented above (Table 1-7) were generally similar for the ENF, but not 
for the DBF (Table 10). For ENF, CzNi^f was higher in the spatial prediction (nitrogen content 
17% lower). SLA, leaf lifespan, and FLNR were all slightly lower in the spatial prediction
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(Figure 15) than in the single value per biome approach. Overall, ENF parameter values were 
remarkably similar between the two methods. Spatial patterns in Figure 15 are due entirely to 
initial CzNkaf, (calculated with a curvilinear function of mean January temperature). Peak nitrogen 
occurs in the more moderate climates, while low nitrogen content (high C:N) occurs in very cold 
and warm areas (Minnesota and the far south). Large sections of the country were at 
approximately the same value for all four parameter, causing the highly non-normally distributed 
histograms in Figure 15.
DBF values showed significant differences between the two methodologies. In the spatial 
prediction (Figure 16), nitrogen content was 25% lower than in the single value per biome 
technique. This translated to a mean leaf lifespan of 14 months, clearly not correct for a 
deciduous forest. Predicted lifespans in some pixels exceeded 40 months (Figure 16). The value 
of 12 months for the single value technique is not fully illustrative; while the entire canopy does 
turn oyer every year with LFRT = 1.0, the leaf lifespan is much less, making the comparison 
more extreme. Predicted SLA was also low in the spatial prediction, ranging to values as low as 4 
(Figure 16). The minimum value in Appendix F was only 16.3. FLNR was also lower in the 
spatial prediction and in no pixel reached the 0.088 value calculated in the single value per biome 
method. Spatial patterns in Figure 16 are based on the mean July temperature used to calculate 
C:Nieaf and show strong latitudinal and elevational effects. Thus, variation was high in the 
spatially predicted parameters, leading to the more normally shaped histograms in Figure 16.
The spatial prediction method appears to give satisfactory results for the ENF but not for 
the DBF. The prediction of very low SLAs and numerous leaf lifespans greater than one year are 
not acceptable results. I suspect that the range of climates used in Yin (1993) was not 
representative of the entire climatic range of the biome, thus leading to the low leaf N predictions 
in many areas. Note that in the northeastern U.S., where many of the studies were concentrated, 
leaf lifespans, CzNkaf, and SLA were all in a more normal range. These patterns illustrate both the 
exciting potentials of this methodology and its potential pitfalls. I believe that while such an
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approach is conceptually superior to using single values per biome, its adoption with the existing 
equations may be premature.
Table 10. Comparison of parameterization schemes. Spatial prediction refers to a mean value 
calculated from Figure 15 or 16; single value per biome refers to the mean value calculated from the 
literature searches described in the preceding sections. Parameters are leaf carbonznitrogen (CzNinf, 
dimensionless), specific leaf area (SLA, m  ̂kg C '), leaf lifespan (months), and the fraction of leaf 
nitrogen in rubisco (FLNR, dimensionless). Biomes are evergreen needle leaf forest (ENF) and 
deciduous broadleaf forest (DBF).
ENF DBF
spatial
prediction
single value 
per biome
spatial
prediction
single value 
per biome
C:N|eaf 48 42 33 25
SLA 7.4 8.2 17 32
Leaf lifespan 41 46 14 12
FLNR 0.031 0.033 0.055 0.088
Suspicious results
While most of the results and interpretations presented above are fairly straightforward and 
follow logically from physiological and physiographic concepts, some of the results and 
parameterizations may be artifacts of model design or field data. In the following sections I 
discuss these potentially misleading topics.
1. Increased C:Nfr reduces root nitrogen requirements and diverts nitrogen to increased 
photosynthetic capacity (higher LAI and GPP for most biomes. Figure I). Similarly, high 
FRC:LC allocation diverts carbon to fine roots and away from LAI. Nitrogen and carbon are 
in essence allocated to the roots without any assimilation benefit from increased investment. 
Benefits from carbon diversion to mycorrhizal fungi, for example, are not considered. The 
finding of excessively
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Figure 15. ENF parameter variation In the continental U.S. Panels are: (A) C:Nic.r 
(dimensionless), (B) specific leaf area (SLA, kg C m'̂ ), (C) leaf lifespan (months), and (D) 
the fraction of leaf nitrogen in rubisco (FLNR, dimensionless). See Appendix G for 
methods. Grey areas do not contain ENF in the VEMAP dataset. Histograms in the lower 
left of each panel show the frequency distributions of the parameter values. For every 
parameter, distribution is highly skewed. Area of high C:Nicar (low nitrogen content) have 
low SLA, long leaf lifespan, and low FLNR.
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Figure 16. DBF parameter variation in the continental UJS. Panels as for Figure 15. Grey 
areas do not contain DBF in the VEMAP dataset. Histograms show a generally normal 
distribution (except leaf lifespan).
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low ENF LAI with high FRC:LC values may have been different if more carbon investment 
in fine roots equated to more efficient water and nutrient uptake. Adding the model 
complexity required to accurately model root density and distribution, ion gradients, 
mycorrhizal associations, etc. is not practical for large-scale ecological models, but should be 
considered for stand-specific efforts.
2. The 0.033 FLNR for the ENF, calculated from measured Vcnux. SLA, and C:Nuaf is quite low. 
In the continental U.S. simulations, FLNR set to the mean - a  caused some areas with known 
forest to have no predicted assimilation, an ecological impossibility. As shown in Figure 4a, 
this is partially because the low range of ENF FLNR occurs on a steeply declining portion of 
the NPP and GPP response curve. Additionally, the base 0.033 value may be too low. Indeed, 
it is somewhat lower than the only literature value I could find, which itself, because the 
nitrogen in rubisco tends to bind to phenols during the chemical assay, causing an 
underestimation of FLNR (Galina Churkina, personal communication), is probably too low. 
The Vcmw data in Wullschleger (1993) and/or the SLA and C iN w  number from this 
parameterization may be low.
3. For every biome, g,mM is set at 0.006 m s '. For every biome except C4G, reducing gjmax 
increased NPP (Figure I and Figure 5 for detailed ENF information), indicating that most 
biomes have maximum conductance rates that are far too high to optimize assimilation. For 
some biomes, it is well know that certain physiological parameters are at non-optimal levels 
(i.e. leaf nutrition in ENF) but that there are other compensating factors as described above. 
For gjmax. it is not clear what compensates for the high water loss. Use o f the 0.006 value here 
may be flawed for four reasons. First, it is possible that while 0.006 may accurately represent 
the absolute maximum possible g.„». under completely non-limiting environmental 
conditions, the average growing season g,nm% may be more appropriate to apply at the 
ecosystem scale. Second, it is known that along with maximum assimilation rate per unit leaf 
area (Ellsworth and Reich, 1993), g.».. tends to decline with distance from the top of the
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canopy (Beadle, 1985; Kozlowski and Pallardy, 1997; Oberbaueret al., 1987). While 
BIOME-BGC does calculate radiation scalars for the sunlit and shaded canopy layers, it is 
possible that gi^u should also be varied by canopy layer. Third, conductance often declines 
with age (Field and Mooney, 1983; Igboanugo, 1996; Leverenz et al., 1982). Using g,max 
values taken from current year leaves for a canopy with leaf ages from 2-10 years may also 
be inappropriate. Fourth, if more data were available, it is possible that gjm« would vary 
statistically between biomes. Future research should focus on establishing the most 
appropriate gimax values for ecosystem modeling approaches.
Conclusions and Suggestions
For the first time in the history of BIOME-BGC and its predecessor, FOREST-BGC (Running 
and Goughian, 1988; Running and Gower, 1991), I have produced a complete documentation of 
all model parameters and a comprehensive model sensitivity analysis for major natural temperate 
biomes. Major conclusions are as follows:
• BIOME-BGC is most sensitive to variation in seven parameters: leaf and fine root C:N 
(C:Nkaf and C:Nfr), the fraction of leaf N in rubisco (FLNR), fire mortality (FM), maximum 
stomatal conductance (g,ma%), specific leaf area (SLA), and fine root to leaf carbon allocation 
(FRC:LC).
• Parameters vary logically such that biomes cannot simultaneously have high productivity 
foliage, long leaf life span, low exposure to drought stresses, and low fire and mortality 
fluxes. Biomes tend to have high quality foliage with a short and risky lifespan or low quality 
foliage with a  long life with lower risk of fire and mortality.
• When tested along a  gradient of parameter standard deviation, FRC:LC and ELNR produced 
by far the largest uncertainty in predictions. FRC:LC variation was extreme and ranged to 
ecologically impossible negative values. Uncertainty in FRC:LC and FLNR, especially for 
ENF, is the greatest weakness in model parameterization.
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•  Within the ENF biome, sensitivity to parameter variation is greatest for mesic sites
(expressed in absolute values of NPP). When expressed as a fraction of mean site NPP, there 
is a slight (but insignificant) trend for the reverse relationship. Essentially, site sensitivity 
appears to be greatest on a percent basis for xeric sites and greatest on an absolute basis for 
mesic sites.
BIOME-BGC has evolved into a mechanistic model that simulates numerous hydrologie, 
carbon, and nitrogen processes. Over 600 variables are simulated on a daily basis. Along with its 
applicability to a large number of topics, BIOME-BGC is now fairly computationally expensive, 
primarily in the execution of the spinup runs. A single execution of the 102 spinup runs for the 60 
sites took approximately 10 days of computational time on high-speed workstations. For some 
applications, a simpler model may be in order.
Based on the limited number of controlling parameters it is not surprising that simplified 
modeling approaches can achieve fairly good results for some purposes (Aber et al., 1996). 
Especially for the prediction of net primary productivity (NPP), one of the most commonly 
produced outputs of many models, it should be possible to construct a simplified mechanistic 
model based on the seven critical parameters. Waring et al. (1998) have suggested that in mesic 
forests, NPP is a constant fraction o f GPP. If true, a vastly simplified, mechanistic, and prognostic 
model based on the seven critical parameters and monthly climatic data could be used to predict 
annual NPP from predictions of GPP and Waring-type constants tuned for different climates.
Ultimately, this research highlights the issue of model complexity versus model output. If  one 
or a few outputs are required on monthly or annual time scales, it is possible to use highly 
simplified models. If, on the other hand, daily ecosystem fluxes of carbon, water and nutrients are 
desired, it is then necessary to simulate a larger number of complex interactions. The data shown 
here masks the conceptual rigor and general applicability derived from a model using mechanistic 
treatments of ecosystem processes and the conservation of mass and energy.
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Appendix A
BIOME-BGC History and Description
BIOME-BGC is the most recent in a long series of model developments originating in 1976 with 
an hourly transpiration model, H20TRANS (Waring and Running, 1976). H20TRANS was later 
modified to a daily model, DAYTRANS (Running, 1984a) and subsequently to 
DAYTRANS/PSN. a combined water and carbon model (Running, 1984b). In 1988, 
DAYTRANS/PSN was modified to FOREST-BGC (Running and Coughlan, 1988), a more 
complete ecosystem simulation model capable of simulating a wide array of carbon (C), water, 
and nutrient cycles. FOREST-BGC was modified in 1991 to include C allocation controls 
(Running and Gower, 1991). The next step was BIOME-BGC (Hunt et al., 1996; Running and 
Hunt, 1993), the extension of FOREST-BGC to multiple biomes. Recently BIOME-BGC was 
extensively modified (Thornton, 1998). Figure A l shows a general outline o f C and water 
processes that I will use to describe some of the significant updates to BIOME-BGC. BIOME- 
BGC operates at a daily time step with prescribed meteorological (maximum and minimum 
temperature, precipitation, humidity, and shortwave radiation) and site description information 
(soils, elevation, landcover).
Beginning at the top of the flow chart, atmospheric CO2 is consumed during 
photosynthesis, which is modeled with the Farquhar photosynthesis model (Farquhar et al., 1980). 
Photosynthesis (PSN) is controlled by the presence or absence of a canopy (White et al., 1997b), 
absorbed photosynthetically active radiation (APAR), the amount and activity of leaf 
photosynthetic enzyme concentration, CO2 concentration, and leaf conductance. Prescribed 
shortwave radiation and an exponential decay function controlling canopy light extinction
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Figure A l. BIOME-BGC carbon and nitrogen dynamics. (P.E. Thornton, 1999).
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determine APAR. In the Farquhar model, photosynthesis is limited by either the rate of 
carboxylation of COi catalyzed by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase 
(rubisco) or by the regeneration of the binding substrate (ribulose-l ,5-bisphosphate). Leaf 
conductance (calculated from stomatal conductance and cuticular conductance in parallel and 
boundary layer conductance in series) modified by environmental stress (Jarvis and McNaughton, 
1986) controls the amount of internal leaf CO2.
Maintenance respiration (MR) is subtracted from gross assimilation based on tissue N 
concentration (Ryan, 1991). PSN is then available for allocation to new growth to one o f the 
BIOME-BGC C pools: leaf, stem, coarse root, or fine root. A series of ratios defines the 
allocation of C to different plant pools. A fixed rate of growth respiration (OR) is assigned to 
each unit of new growth. Once in the plant pool, plant components eventually enter the litter or 
coarse woody debris pool, either through litterfall and fine root turnover or through whole plant 
mortality, which affects all plant pools simultaneously. Alternatively, plant C and N from the 
plant or litter pools may be released directly to the atmosphere through fire mortality (not shown).
Plant inputs to the litter and soil pools are defined by their N concentrations (defined by 
C:N ratios) and the relative proportions of labile, cellulose, and lignin. Once in the litter or coarse 
woody debris pool, plant materials are firagmented and decomposed in a new and mechanistically 
realistic process involving multiple soil pools, a microbial biomass pool, and moisture and 
temperature controls. As decomposition occurs, heterotrophic respiration releases CO2 to the 
atmosphere. Depending on the C:N ratio of the microbial pool, soil mineral N is either removed 
(immobilized) or made available for plant uptake (mineralization). Note that depending on the 
state of soil decomposition processes, immobilization and mineralization are likely to occur 
simultaneously. Denitrification creates fluxes of N to the atmosphere while N fixation returns N 
to the soil mineral pool.
Hydrologie processes (not shown in Figure A l) are similar to treatments in previous 
model versions. Briefly, prescribed precipitation enters the system and may be intercepted by the
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canopy or enter the soil water or snow pool. Snow may either melt into the soil water pool or 
sublimate directly to the atmosphere. Soil water content and defined soil type is used to calculate 
soil water potential (Y,). Water vapor may leave the system through soil evaporation, canopy 
evaporation, or transpiration. Liquid water vapor fiuxes are controlled by the Penman-Monteith 
equation with conductances defined as follows: soil, exponential decay based on time since 
precipitation; canopy, leaf boundary layer conductance; and transpiration as for CO2 (above). A 
one dimensional bucket model is used to define soil water holding capacity, which, when 
exceeded, leads to outflow.
The flow chart, while accurately depicting BIOME-BGC carbon and nitrogen dynamics, 
does not show the central function of leaf area index (LAI). LAI is the area of foliage per unit 
ground area (dimensionless) and is used to define the size of the system canopy. All processes: 
carbon assimilation, radiation absorption, soil and canopy water fluxes, litterfall (and thus soil 
processes), and N demands are all intimately tied to LAI. Further details on BGC theory, 
operation, validation, and application may be found in (Hunt et al., 1996; Kimball et al., 1997a; 
Kimball et al., 1997b; Nemani et al., 1993a; Nemani et al., 1993b; Nemani and Running, 1989; 
Running, 1994; Running and Coughlan, 1988; Running and Gower. 1991; Running and Hunt, 
1993; Thornton, 1998; White et al., 1998a; White et al., 1998b).
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Appendix B
Alphabetized List of Abbreviations, Abbreviation Definitions, and Units
Abbreviation Definition Units
C carbon dimensionless
C:Ndw dead wood carbon to nitrogen ratio k g C k g N -'
C:Nfr fine root carbon to nitrogen ratio k g C k g N -'
C:Nieaf leaf carbon to nitrogen ratio kgCkgN -*
C:Nu, litter carbon to nitrogen ratio k g C kgN "'
C:N,w live wood carbon to nitrogen ratio k g C kgN "'
C3G C3 grassland dimensionless
C4G C4 grassland dimensionless
CRC:SC new coarse root carbon to new stem carbon 
allocation
dimensionless
DBF deciduous broad leaf forest dimensionless
DNF deciduous needle leaf forest dimensionless
DWce, dead wood cellulose proportion dimensionless
DWug dead wood lignin proportion dimensionless
ENF evergreen needle leaf forest dimensionless
ET évapotranspiration kg H2O m'"
FLNR fraction of leaf nitrogen in rubisco dimensionless
FM fire mortality dimensionless
FRCzLC new fine root carbon to new leaf carbon allocation dimensionless
FRcei fine root cellulose proportion dimensionless
FRlab fine root labile proportion dimensionless
FRIig fine root lignin proportion dimensionless
g conductance ms"'
gbi boundary layer conductance ms"'
gcui cuticular conductance ms"'
GPP gross primary production kg C m "
gitimx maximum stomatal conductance ms"'
HR heterotrophic respiration kg C m"̂
k light extinction coefficient dimensionless
LAI leaf area index m^ m'^
LALiil:pjoj all-sided to projected LAI ratio dimensionless
Lai litter cellulose proportion dimensionless
LFRT leaf and fine root turnover dimensionless
L|ab litter labile proportion dimensionless
L|ig litter lignin proportion dimensionless
LWC:TWC new live wood carbon to new total wood carbon 
allocation
dimensionless
LWT live wood turnover dimensionless
N nitrogen dimensionless
ND normalized difierence between sensitivity runs 
expressed as (high-low)/mean
ND20 ND where high=mean+20% and low=mean-20%
NDc ND where high = mean+standard deviation and low 
= mean+standaid deviation
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rubisco ribulose-1,5-bisphosphate carboxylase/oxygenase dimensionless
SC:LC new stem carbon to new leaf carbon allocation dimensionless
SLA specific leaf area m ' k g C
SLAjh|J;siiD shaded to sunlit SLA ratio dimensionless
SOILC soil carbon kg C m "
TRAN transpiration kg H2O m "
VCnnx maximum rate of carboxylation pmol CO2 m "
J-*
VEMAP Vegetation/Ecosystem Modeling and Analysis 
Project
dimensionless
VPD vapor pressure deficit Pa
VPDf VPD at final reduction of stomatal conductance Pa
VPDi VPD at initial reduction of stomatal conductance Pa
Wi„ water interception coefficient I LAT‘ day '
WOODC wood carbon kg C m "
WPM whole plant mortality dimensionless
Y water potential MPa
Yf predawn leaf water potential at final reduction of 
stomatal conductance
MPa
Yi predawn leaf water potential at initial reduction of 
stomatal conductance
MPa
Y, leaf water potential MPa
Y,pd predawn leaf water potential MPa
Ys soil water potential MPa
5bi leaf boundary layer mm
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Appendix C
Summary parameter list
ENF DNF DBF Grass Shrub
LFRT 0.26 l.O 1.0 1.0 0.26
LWT 0.70 0.70 0.70 0.70
WPM 0.0050 0.0050 0.0050 0.10 0.020
FM 0.0050 0.0050 0.0025 0.050 0.010
FRC:LC 1.4 1.4 1.2 1.0 1.4
SC:LC 2.2 2.2 2.2 0.22
LWC:TWC 0.071 0.071 0.16 1.0
CRC:SC 0.29 0.29 0.22 0.29
C:N|eaf 42 27 25 25 35
C:Nu, 93 120 55 45 75
C:Nfr 58 58 48 50 58
C:N,w 50 50 50 50
C:Ndw 730 730 550 730
FRlab 34 34 34 34 34
FRxi 44 44 44 44 44
FRiig 22 22 22 22 22
L|ab 31 31 38 68 56
Lcel 45 45 44 23 29
Llig 24 24 18 9.0 15
DW„i 71 71 77 71
DWug 29 29 23 29
SLA 8.2 22 32 49 12
LAIaibpjoj 2.6 2.6 2.0 2.0 2.3
SLAjhdaun 2.0 2.0 2.0 2.0 2.0
Ssmax 0.006 0.006 0.006 0.006 0.006
gcul 0.00006 0.00006 0.00006 0.00006 0.00006
gbI 0.09 0.09 0.01 0.04 0.02
LWPi -0.63 -0.63 -0.34 -0.73 -0.81
LWPf -2.3 -2.3 -2.2 -2.7 -4.2
VPDi 610 610 1100 1000 970
VPDf 3100 3100 3600 5000 4100
Wi« 0.045 0.045 0.045 0.022 0.045
k 0.51 0.51 0.54 0.48 0.55
FLNR 0.033 0.088 0.088 0.21 0.033
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Appendix D
Site Locations and Climate
Locations and climate of simulation pixels for sensitivity analysis. Tann: mean annual 
temperature (°C); Prep: mean annual precipitation (cm); VP: water vapor pressure (Pa); SW: short 
wave radiation (W/m"). Site distribution generally encompassed the climatic range for each 
biome. ENF geographic distribution was widest, ranging from western to eastern forest in inland 
and coastal areas. DNF was concentrated in a broad longitudinal band at the northern limit of the 
U.S. DBF was distributed throughout the eastern U.S., with coastal western site. C3G and C4G 
together had broad coverage of the entire north-south central U.S. grasslands. Shrubs were 
concentrated in western U.S. and ranged from cold to warm shrublands.
Longitude Latitude Tann Prep VP SW
m m m
1 -120.25
H H R
48.75 4.1
mmm
504.8
m m m
340.9
2 -121.75 48.25 8.3 230.0 802.3 296.6
3 -93.25 47.75 3.1 65.7 607.0 317.4
4 -123.75 47.25 9.5 304.0 889.5 287.0
5 -118.75 44.75 5.8 59.1 517.6 371.7
6 -73.25 44.75 7.1 80.7 835.3 307.2
7 -77.25 37.25 14.8 108.4 1239.7 368.2
8 -107.25 34.25 11.5 28.5 516.7 509.1
9 -87.75 32.75 17.5 131.8 1449.1 392.0
10 -110.75 31.75 15.9 47.8 851.5 480.4
mean 9.7 114.2 821.4 367.1
a a iB iWSBÊÊsbhh HBBHHImmifiiiHH9HH
1 -113.75 48.75 1.9 153.3 504.8 332.4
2 -115.75 47.25 5.9 116.1 660.2 304.7
3 -84.75 46.25 4.8 79.9 679.3 309.8
4 -67.75 45.75 5.1 102.6 683.5 328.8
5 -118.75 45.25 6.7 63.5 591.6 348.1
6 -106.75 45.25 6.7 39.1 546.7 382.8
7 -119.25 44.75 7.6 38.7 513.3 385.6
8 -89.25 44.75 6.0 79.9 753.5 328.2
9 -72.75 44.75 5.1 111.0 731.0 324.3
10 -109.75 44.25 0.5 73.7 408.8 382.3
mean 5.0 85.8 607.3 342.7
HHIHmumH U iIHHHIH U HHHHI
1 -82.75 43.25 8.1 73.0 822.5 335.8
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2 -70.75 43.25 8.1 110.2 820.7 335.8
3 -121.25 39.25 15.3 95.6 863.2 392.3
4 -78.25 39.25 11.4 96.4 985.1 363.9
5 -93.25 37.75 13.2 104.8 1133.8 373.8
6 -80.25 33.75 17.5 114.6 1411.2 396.0
7 -84.25 32.25 18.1 118.6 1476.7 393.7
8 -87.25 31.75 18.1 138.7 1490.0 403.2
9 -96.25 30.25 19.9 100.7 1606.5 393.6
10 -82.25 28.25 22.1 135.4 1863.7 398.1
mean 0 0 15.2 108.8 1247.3 378.6
1 -104.25 45.25 6.4 35.8 568.3 372.2
2 -97.75 43.25 8.7 58.0 819.8 356.3
3 -106.25 41.75 5.3 29.6 433.2 419.5
4 -107.75 40.25 4.6 48.5 440.4 446.4
5 -99.75 40.25 11.1 55.1 861.1 391.9
6 -88.75 39.75 11.7 96.4 1069.6 352.7
7 -96.25 38.25 12.9 89.8 1114.8 370.1
8 -97.75 36.75 15.0 75.9 1195.7 384.4
9 -103.75 33.75 14.3 38.3 762.2 469.8
10 -100.75 33.75 16.5 54.0 1071.2 431.9
mean 10.6 58.0 833.6 399.5msÊsm HBWHH m m arne
I -98.25 42.75 9.2 58.0 849.9 351.2
2 -99.25 38.75 12.2 57.7 936.2 393.9
3 -102.75 36.25 12.9 37.6 741.6 454.8
4 -100.75 36.25 13.8 49.6 920.4 429.7
5 -98.25 35.75 15.6 70.8 1215.8 387.9
6 -101.25 33.75 15.2 50.0 953.7 441.2
7 -102.75 33.25 14.8 43.1 816.0 473.9
8 -102.25 31.75 17.7 34.7 934.2 459.6
9 -94.25 29.75 20.3 132.5 1816.1 364.2
10 -100.25 29.25 20.2 52.9 1328.3 429.6
mean 15.2 58.8 1051.2 418.6
flHHBBiHHHH HHHH!HHBHHHHBH
1 -121.25 44.75 9.6 32.9 514.4 374.0
2 -112.25 44.25 4.8 36.1 477.6 384.8
3 -119.75 42.25 7.6 28.1 442.7 408.8
4 -118.25 40.25 9.6 22.3 429.1 450.6
5 -109.25 40.25 8.0 22.6 428.3 448.0
6 -112.75 39.75 9.9 23.4 513.5 428.1
7 -119.25 39.25 10.1 19.3 422.2 451.8
8 -112.25 39.25 9.1 35.8 555.9 432.5
9 -119.75 34.75 12.6 54.8 553.6 482.2
10 -103.75 29.75 17.7 32.9 826.5 508.8
mean 9.9 30.7 516.4 437.0
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Appendix E
Potential Evapotranspiration
I calculated potential évapotranspiration (Priestley and Taylor, 1972) as: 
PET=(1,26SSW/(Sy))/X  
where PET is potential évapotranspiration (kg m " s '), 1.26 is the dimensionless Priestley-Taylor 
parameter. S is the slope o f the saturation vapor pressure curve (Pa K '), SW is short wave 
radiation (W m " or J m " s '), y is the psychrometric constant (Pa K"‘), and X is the latent heat of 
vaporization of water (J kg '). I fit equations to data in Jones (1992) for the temperature 
dependence of S, y, and X. SW was prescribed in the VEMAP dataset. I calculated average daily 
PET from daylength and summed for a growing season total. Figure C l shows growing season 
precipitation - growing season PET.
- 2.4 - 1.8 - 1.3 4)7  4)5  0.4
Figure C l. Growing season water balance for the continental United States (m).
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Appendix F
Individual Parameter Values
Values presented here are converted from their original units to BIOME-BGC units (given in 
text). I assumed that carbon was 50% of dry weight.
Turnover and Mortality Parameters
Leaf and fine root turnover
Values presented here are leaf turnover values. Original data was in leaf longevity. The mean 
value in Table 1 is calculated from the inverse of the mean leaf longevity. A different (and larger) 
value of leaf and fine root turnover is obtained by taking the mean of the values presented below.
ENF
Abies amabilis 0.093 (Gholz et al., 1976; Grier and Milne, 1981; Grier et 
al., 1981)
Abies amabilis 0.047 (Gholz et al., 1976; Grier and Milne, 1981; Grier et 
al., 1981)
Abies balsamea 0.270 (Baskerville, 1965; Baskerville, 1966)
Abies balsamea 0.270 (Baskerville, 1965; Baskerville, 1966)
Abies balsamea 0.253 (Baskerville, 1965; Baskerville, 1966)
Abies balsamea 0.270 (Baskerville, 1965; Baskerville, 1966)
Abies balsamea 0.270 (Baskerville, 1965; Baskerville, 1966)
Abies balsamea 0.278 (Baskerville, 1965; Baskerville, 1966)
Abies concolor 0.244 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Abies lasiocarpa 0.227 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Abies procera 0.182 (Fujimori et al., 1976)
Abies sachalinensis 0.233 (Satoo, 1973)
Abies veitchii 0.294 (Tadaki et al., 1967)
Abies veitchii 0.208 (Tadaki et al., 1967)
Abies veitchii 0.192 (Tadaki et al., 1967)
Abies veitchii 0.196 (Tadaki et al., 1967)
Abies veitchii 0.345 (Tadaki et al., 1967)
Abies veitchii 0.185 (Tadaki et al., 1967)
Abies veitchii 0.213 (Tadaki et al., 1967)
Abies veitchii 0.313 (Tadaki et al., 1967)
Abies veitchii 0.233 (Tadaki et al., 1967)
Abies veitchii 0.286 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 0.161 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 0.175 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 0.161 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 0.139 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 0.204 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
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Abies veitchii 0.185 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Picea abies 0.141 (Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
Picea abies 0.189 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 0.244 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 0.400 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 0.182 (Satoo, 1971)
Picea abies 0.313 (Satoo, 1971)
Picea abies 0.323 (Satoo, 1971)
Picea abies 0.130 (Satoo, 1971)
Picea abies 0.189 (Satoo, 1971; Yoshimura, 1967)
Picea abies 0.182 (Nihigard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Picea rubens 0.088 (Gordon, 1981)
Picea rubens 0.169 (Gordon, 1981)
Picea rubens 0.123 (Gordon, 1981)
Picea rubens 0.125 (Gordon, 1981)
Pinus banksiana 0.286 (Gordon, 1981)
Pinus banksiana 0.303 (Gordon, 1981)
Pinus banksiana 0.278 (Gordon, 1981)
Pinus banksiana 0.303 (Gordon, 1981)
Pinus banksiana 0.270 (Gordon, 1981)
Pinus banksiana 0.294 (Gordon, 1981)
Pinus banksiana 0.217 (Gordon, 1981)
Pinus banksiana 0.238 (Gordon, 1981)
Pinus banksiana 0.238 (Gordon, 1981)
Pinus banksiana 0.270 (Gordon, 1981)
Pinus banksiana 0.286 (Gordon, 1981)
Pinus banksiana 0.278 (Gordon, 1981)
Pinus densiflora 0.556 (Hatiya et al., 1965)
Pinus densiflora 0.556 (Hatiya et al., 1965)
Pinus densiflora 0.526 (Hatiya et al., 1965)
Pinus densiflora 0.556 (Hatiya et al., 1965)
Pinus densiflora 0.500 (Hatiya et al., 1965)
Pinus monticola 0.385 (Hanley, 1976)
Pinus monticola 0.476 (Hanley, 1976)
Pinus monticola 0.333 (Hanley, 1976)
Pinus monticola 0.238 (Hanley, 1976)
Pinus monticola 0.385 (Hanley, 1976)
Pinus monticola 0.256 (Hanley, 1976)
Pinus monticola 0.256 (Hanley, 1976)
Pinus monticola 0.286 (Hanley, 1976)
Pinus monticola 0.256 (Hanley, 1976)
Pinus monticola 0.227 (Hanley, 1976)
Pinus monticola 0.244 (Hanley, 1976)
Pinus monticola 0.250 (Hanley, 1976)
Pinus monticola 0.278 (Hanley, 1976)
Pinus monticola 0.217 (Hanley, 1976)
Pinus nigra 0.417 (Minderman, 1967)
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Pinus nigra 0.435 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.417 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.417 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.400 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.370 (Miller et al., 1976; Miller and Miller, 1976)
Pinus pinea 0.154 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Pinus ponderosa 0.417 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.435 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.476 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.357 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus radiata 0.333 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 0.294 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 0.588 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 0.476 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 0.500 (Madgwick et al., 1977a; Madgwick et al., 1977b)
Pinus radiata 0.500 (Madgwick et al., 1977a; Madgwick et al., 1977b)
Pinus resinosa 0.455 (Madgwick, 1962; Madgwick et al., 1970)
Pinus rigida 0.303 (Olsvig-Whittaker, 1980)
Pinus rigida 0.286 (Olsvig-Whittaker, 1980)
Pinus rigida 0.278 (Olsvig-Whittaker, 1980)
Pinus rigida 0.417 (Olsvig-Whittaker, 1980)
Pinus strobus 0.769 (Swank and Schreuder, 1973a; Swank and 
Schreuder, 1974)
Pinus sylvestris 0.385 (Malkonen, 1974)
Pinus sylvestris 0.400 (Malkdnen, 1974)
Pinus sylvestris 0.400 (Malkonen, 1974)
Pinus sylvestris 0.345 (Alvera, 1973; Alvera, 1981)
Pinus taeda 1.00 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.435 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.556 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.435 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.909 (Ralston, 1973)
Pinus taeda 0.588 (Wells et al., 1975)
Pinus taeda 0.476 (Nemeth, 1973a; Nemeth, 1973b)
Pinus virginiana 0.588 (Madgwick, 1968)
Pseudotsuga menziesii 0.256 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 0.233 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 0.213 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 0.286 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 0.217 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 0.200 (Keyes and Grier, 1981)
Pseudotsuga menziesii 0.200 (Keyes and Grier, 1981)
Pseudotsuga menziesii 0.250 (Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979)
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Pseudotsuga menziesii 0.250
Pseudotsuga menziesii 0.222
Pseudotsuga menziesii 0.417
Pseudotsuga menziesii 0.500
Pseudotsuga menziesii 0.323
Pseudotsuga menziesii 0.270
Pseudotsuga menziesii 0.213
Pseudotsuga menziesii 0.196
Pseudotsuga menziesii 0.313
Tsuga diversifolia 0.213
Tsuga heterophylla 0.294
Tsuga heterophylla 0.370
Tsuga sieboldii 0.294
DNF 1.00
Annual canopy turnover
DBF 1.00
Annual canopy turnover
Grass 1.00
Annual canopy turnover
Shrub 0.320
Set to ENF.
Live wood turnover
(Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979) 
(Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979) 
(Turner, 1981; Turner and Long, 1975)
(Turner, 1981; Turner and Long, 1975)
(Turner, 1981; Turner and Long, 1975)
(Turner, 1981; Turner and Long, 1975)
(Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
(Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
(Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979) 
(Kitazawa, 1981)
(Fujimori, 1971; Fujimori et al., 1976; Grier, 1976) 
(Fujimori, 1971; Fujimori et al., 1976; Grier, 1976) 
(Ando et al., 1977)
Estimate discussed in text.
Whole plant mortality
Estimates discussed in text.
Fire mortality
Estimates discussed in text.
Allocation Parameters
New fine root carbontnew leaf carbon
ENF
Abies
Abies amabilis 
Abies amabilis
12.4 (Vogt e t al., 1982)
5.46 (Grier et al., 1981)
12.7 (Grier et al., 1981)
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Mixed pine 0.931 (Nadelhoffer et al., 1985)
Picea 0.662 (Nadelhoffer et al., 1985)
Pinus contorta 3.64 (Comeau and Kimmins, 1989)
Pinus contorta 5.50 (Comeau and Kimmins, 1989)
Pinus contorta 2.76 (Comeau and Kimmins, 1989)
Pinus contorta 1.47 (Comeau and Kinunins, 1989)
Pinus elliottii 1.09 (Gholz et al., 1986)
Pinus radiata 0.463 (Beets and Pllock, 1987)
Pinus radiata 0.347 (Beets and Pllock, 1987)
Pinus resinosa 0.872 (Nadelhoffer et al., 1985)
Pinus strobus 0.994 (Nadelhoffer et al., 1985)
Pinus sylvestris 1.03 (Malkonen, 1974)
Pinus sylvestris 0.921 (Malkonen, 1974)
Pinus sylvestris 1.17 (Malkonen, 1974)
Pinus sylvestris 1.37 (Paavilainen, 1980)
Pinus sylvestris 2.99 (Linder and Axelsson, 1982)
Pinus sylvestris 0.523 (Linder and Axelsson, 1982)
Pinus taeda 1.76 (Kinerson et al., 1977)
Pseudotsuga menziesii 3.66 (Keyes and Grier, 1981)
Pseudotsuga menziesii 0.819 (Keyes and Grier, 1981)
Pseudotsuga menziesii 1.41 (Vogt et al., 1990)
Pseudotsuga menziesii 0.883 (Vogt et al., 1990)
Pseudotsuga menziesii 2.41 (Gower et al., 1992)
Pseudotsuga menziesii 1.00 (Gower et al., 1992)
Pseudotsuga menziesii 1.43 (Gower et al., 1992)
Pseudotsuga menziesii 6.85 (Fogel, 1983)
DNF
Set to ENF
DBF
Quercus velutina 1.59 (Nadelhoffer et al., 1985)
Quercus rubra 1.39 (Nadelhoffer et al., 1985)
Quercus alba 1.27 (Nadelhoffer et al., 1985)
Acer saccharum 1.55 (Nadelhoffer et al., 1985)
Betula 1.26 (Nadelhoffer et al., 1985)
Fagus 1.43 (van I*raag et al., 1988)
Quercus 0.673 (Joslin and Henderson, 1987)
Fagus 0.545 (Ellenberg et al., 1986)
Nyssa-Acer 1.44 (Symbula and Day, 1988)
Grass
Salt marsh 1.00 (Bliss, 1977)
W et meadow 0.338 (Bliss, 1977)
Herb meadow 1.31 (Lewis, 1981)
Grass-herb meadow 1.01 (0stbye and et al., 1975)
Dry grassland 2.19 (Lewis Smith and Walton, 19
Grass turf 0.500 (Collins et al., 1975)
Grassland 2.00 (Jenkin, 1975)
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Wet grassland 0.199 (Lewis Smith and Walton, 1975)
Dry meadow 1.02 (Wielgolaski, 1975)
Wet meadow 1.63 (Wielgolaski, 1975)
Grass savanna 1.59 (Menant and Cesar, 1979)
Grass savanna 1.43 (Menant and Cesar, 1979)
Grass savanna 1.32 (Menant and Cesar, 1979)
Temperate grassland 1.07 (Sims and Coupland, 1979)
Temperate grassland 0.643 (Sims and Coupland, 1979)
Temperate grassland 0.405 (Sims and Coupland, 1979)
Temperate grassland 0.960 (Sims and Coupland, 1979)
Mixed grass 0.281 (Kumar and Joshi, 1972)
Mixed grass 0.470 (Singh and Yadava, 1974)
Eragrosiis 0.342 (Singh, 1972)
Desmostachya 0.621 (Singh, 1972)
Sehima-Heteropogon 0.488 (Shankar et al., 1973)
Dichanthium 0.892 (Misra, 1973)
Sehima 0.921 (Billore, 1973)
mixed grass 1.29 (Naik, 1973)
Heteropogon-Apluda- 1.03 (Jain, 1971)
Cymbopogon
Tropical grassland 1.78 (Singh et al., 1979)
Tropical grassland 0.515 (Singh et al., 1979)
Tropical grassland 1.00 (Singh et al., 1979)
Tropical grassland 2.03 (Singh et al., 1979)
Shortgrass steppe 0.988 (Milchunas and Laurenroth, 1992)
Konza prairie 0.744 (Hayes and Seastedt, 1987)
Shrub
Set to ENF
New stem carbonrnew leaf carbon
ENF
Abies amabilis
Abies amabilis
Abies balsamea 
Abies balsamea 
Abies balsamea 
Abies balsamea 
Abies balsamea 
Abies balsamea 
Abies concolor
Abies fraseri 
Abies fraseri 
Abies fraseri
3.58 (Gholz et al., 1976; Grier and Milne, 1981; Grier et
al., 1981)
3.37 (Gholz et al., 1976; Grier and Milne, 1981; Grier et
al., 1981)
1.02 (Baskerville, 1965; Baskerville, 1966)
1.14 (Baskerville, 1965; Baskerville, 1966)
1.13 (Baskerville, 1965; Baskerville, 1966)
1.16 (Baskerville, 1965; Baskerville, 1966)
1.30 (Baskerville, 1965; Baskerville, 1966)
1.34 (Baskerville, 1965; Baskerville, 1966)
1.69 (Whittaker and Niering, 1968; Whittaker and
Niering, 1975)
2.29 (Whittaker, 1966)
3.12 (Whittaker, 1966)
1.61 (Whittaker, 1966)
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Abies fraseri 1.71 (Whittaker, 1966)
Abies lasiocarpa 1.36 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Abies procera 3.03 (Fujimori et al., 1976)
Abies sachalinensis 3.32 (Satoo, 1973)
Abies veitchii 2.56 (Tadaki et al., 1967)
Abies veitchii 4.17 (Tadaki et al., 1967)
Abies veitchii 3.03 (Tadaki et al., 1967)
Abies veitchii 2.61 (Tadaki et al., 1967)
Abies veitchii 1.64 (Tadaki et al., 1967)
Abies veitchii 2.50 (Tadaki et al., 1967)
Abies veitchii 2.42 (Tadaki et al., 1967)
Abies veitchii 1.34 (Tadaki et al., 1967)
Abies veitchii 1.55 (Tadaki et al., 1967)
Abies veitchii 1.64 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 1.62 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 2.36 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 2.37 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 2.95 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 3.20 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Abies veitchii 1.06 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Picea abies 4.70 (Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
Picea abies 1.76 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 1.43 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 1.45 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Picea abies 2.68 (Satoo, 1971)
Picea abies 1.51 (Satoo, 1971)
Picea abies 1.48 (Satoo, 1971)
Picea abies 2.35 (Satoo, 1971)
Picea abies 2.09 (Satoo, 1971; Yoshimura, 1967)
Picea abies 3.42 (Nihlgard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Picea rubens 2.17 (Gordon, 1981)
Picea rubens 1.24 (Gordon, 1981)
Picea rubens 2.77 (Gordon, 1981)
Picea rubens 2.34 (Gordon, 1981)
Pinus banksiana 2.39 (Gordon, 1981)
Pinus banksiana 2.45 (Gordon, 1981)
Pinus banksiana 2.22 (Gordon, 1981)
Pinus banksiana 2.22 (Gordon, 1981)
Pinus banksiana 2.27 (Gordon, 1981)
Pinus banksiana 2.19 (Gordon, 1981)
Pinus banksiana 2.19 (Gordon, 1981)
Pinus banksiana 2.16 (Gordon, 1981)
Pinus banksiana 1.82 (Gordon, 1981)
Pinus banksiana 1.77 (Gordon, 1981)
Pinus banksiana 1.46 (Gordon, 1981)
Pinus banksiana 1.43 (Gordon, 1981)
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Pinus densiflora 2.50 (Hatiya et al., 1965)
Pinus densiflora 2.46 (Hatiya et al., 1965)
Pinus densiflora 2.21 (Hatiya et al., 1965)
Pinus densiflora 2.11 (Hatiya et al., 1965)
Pinus densiflora 3.18 (Hatiya et al., 1965)
Pinus monticola 0.613 (Hanley, 1976)
Pinus monticola 0.596 (Hanley, 1976)
Pinus monticola 0.932 (Hanley, 1976)
Pinus monticola 0.934 (Hanley, 1976)
Pinus monticola 2.26 (Hanley, 1976)
Pinus monticola 2.55 (Hanley, 1976)
Pinus monticola 2.24 (Hanley, 1976)
Pinus monticola 2.11 (Hanley, 1976)
Pinus monticola 0.704 (Hanley, 1976)
Pinus monticola 2.35 (Hanley, 1976)
Pinus monticola 2.03 (Hanley, 1976)
Pinus monticola 1.90 (Hanley, 1976)
Pinus monticola 2.33 (Hanley, 1976)
Pinus monticola 2.46 (Hanley, 1976)
Pinus nigra 1.53 (Minderman, 1967)
Pinus nigra 2.09 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 2.12 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 2.10 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 1.98 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 1.70 (Miller et ai., 1976; Miller and Miller, 1976)
Pinus pinea 1.89 (Droste zu Hiilshoff, 1970; Ellenberg, 1981a)
Pinus ponderosa 0.981 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.983 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.933 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus ponderosa 0.851 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pinus radiata 2.29 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 4.03 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 3.59 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 3.30 (Forrest, 1973; Forrest and Ovington, 1970)
Pinus radiata 2.08 (Madgwick et al., 1977a; Madgwick et al., 19
Pinus radiata 2.28 (Madgwick et al., 1977a; Madgwick et al., 19
Pinus resinosa 1.39 (Madgwick, 1962; Madgwick et al., 1970)
Pinus rigida 1.61 (Olsvig-Whittaker, 1980)
Pinus rigida 1.51 (Olsvig-Whittaker, 1980)
Pinus rigida 1.99 (Olsvig-Whittaker, 1980)
Pinus rigida 1.28 (Olsvig-Whittaker, 1980)
Pinus strobus 2.73 (Swank and Schreuder, 1973a; Swank and 
Schreuder, 1974)
Pinus sylvestris 1.80 (Malkonen, 1974)
Pinus sylvestris 2.07 (Malkonen, 1974)
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Pinus sylvestris 2.11 (Malkonen, 1974)
Pinus sylvestris 2.51 (Alvera, 1973; Alvera, 1981)
Pinus taeda 2.05 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 1.98 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 3.61 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 4.80 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 1.99 (Ralston, 1973)
Pinus taeda 1.56 (Wells et al., 1975)
Pinus taeda 1.82 (Nemeth, 1973a; Nemeth, 1973b)
Pinus virginiana 1.89 (Madgwick, 1968)
Pseudotsuga 1.65 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga 1.69 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga 1.24 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 5.32 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 3.95 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 2.65 (Keyes and Grier, 1981)
Pseudotsuga menziesii 3.28 (Keyes and Grier, 1981)
Pseudotsuga menziesii 1.07 (Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979)
Pseudotsuga menziesii 3.54 (Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979)
Pseudotsuga menziesii 3.18 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 1.68 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 2.63 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 3.17 (Turner, 1981; Turner and Long, 1975)
Pseudotsuga menziesii 1.31 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pseudotsuga menziesii 1.72 (Whittaker and Niering, 1968; Whittaker and 
Niering, 1975)
Pseudotsuga menziesii 1.10 (Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979)
Pseudotsuga menziesii 1.38 (Gholz, 1982; Gholz et al., 1976; Gholz et al., 1979)
Tsuga diversifolia 2.23 (Kitazawa, 1981)
Tsuga heterophylla 4.15 (Fujimori, 1971; Fujimori etal., 1976; Grier, 1976)
Tsuga heterophylla 3.63 (Fujimori, 1971; Fujimori e tal., 1976; Grier, 1976)
Tsuga sieboldii 
DNF
Set to ENF
1.45 (Ando et al., 1977)
DBF
Acer platanoides 2.46 (Hyttebom, 1975)
Acer saccharum 2.29 (Whittaker, 1966; Whittaker, 1971)
Acer saccharum 2.29 (Whittaker, 1966; Whittaker, 1971)
Aesculus octandra 3.03 (Whittaker, 1966; Whittaker, 1971)
Alnus glutinosa 1.78 (Schlesinger, 1978)
Alnus glutinosa 3.48 (Nihlgard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Alnus incana 1.83 (Whittaker, 1966; Whittaker, 1971)
Alnus rubra 3.17 (van Cleve et al., 1971)
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Alnus rubra 1.85 (Zavitkovski et ai., 1976; Zavitkovski and Stevens, 
1972)
Alnus rubra 1.96 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Alnus rubra 2.00 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Alnus rubra 1.67 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Alnus rubra 1.43 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Alnus rubra 1.33 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Betula nuvcimowicziana 0.933 (Jakus, 1981)
Betula maximowicziana 1.82 (Satoo, 1970; Satoo, 1974)
Betula maximowicziana 1.79 (Satoo, 1970; Satoo, 1974)
Betula pubescens 4.00 (Holm and Jensen, 1981)
Betula pubescens 1.57 (Auclair and Méteyer, 1980)
Betula spp. 0.920 (Decei, 1981; Donita et al., 1981)
Betula verrucosa 2.78 (Hughes, 1969; Hughes, 1971)
Betula verrucosa 3.50 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.25 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.53 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.86 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.57 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.92 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.50 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.20 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Betula verrucosa 4.19 (Ovington and Madgwick, 1959a; Ovington and 
Madgwick, 1959b)
Carpinus betulus 1.41 (Malkonen, 1977)
Carya spp. 1.27 (Harris et al., 1973; Harris and Henderson, 1981)
Castanea sativa 1.50 (Ford and Newbould, 1970; Ford and Newbould, 
1971)
Castanea sativa 2.57 (Ford and Newbould, 1970; Ford and Newbould, 
1971)
Castanea sativa 3.42 (Ford and Newbould, 1970; Ford and Newbould, 
1971)
Castanea sativa 2.03 (Ford and Newbould, 1970; Ford and Newbould, 
1971)
Fagus crenata 2.15 (Satoo, 1970; Satoo, 1974)
Fagus crenata 2.06 (Tadaki et al., 1969)
Fagus crenata 2.34 (Tadaki et al., 1969)
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Fagus crenata 2.43 (Tadaki et al., 1969)
Fagus crenata 1.17 (Kakubari, 1977)
Fagus crenata 1.20 (Kakubari, 1977)
Fagus crenata 1.51 (Kakubari, 1977)
Fagus crenata 0.869 (Kakubari, 1977)
Fagus crenata 0.746 (Kakubari, 1977)
Fagus crenata 0.685 (Kakubari, 1977)
Fagus crenata 0.827 (Kakubari, 1977)
Fagus crenata 0.747 (Kakubari, 1977)
Fagus crenata 1.80 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 1.81 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 2.25 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 2.02 (Maruyama, 1971; Marayama, 1977)
Fagus crenata 1.73 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 2.08 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 1.36 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 1.68 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 1.31 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 3.11 (Kawahara et al., 1979; Ogino, 1977)
Fagus grandifolia 2.37 (Turner et al., 1976)
Fagus grandifolia 1.58 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
et al., 1974)
Fagus grandifolia 1.82 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
et al., 1974)
Fagus grandifolia 1.87 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
et al., 1974)
Fagus grandifolia 1.10 (Whittaker, 1966; Whittaker, 1971; Young, 1972)
Fagus sylvatica 3.88 (Kestemont, 1975)
Fagus sylvatica 2.84 (Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
Fagus sylvatica 0.533 (Pollard, 1972)
Fagus sylvatica 2.00 (Auclair and Méteyer, 1980)
Fagus sylvatica 1.83 (Lemée, 1978)
Fagus sylvatica 2.80 (Ellenberg, 1971; Ellenberg, 1981b)
Fagus sylvatica 2.02 (Ellenberg, 1971; Ellenberg, 1981b)
Fagus sylvatica 2.39 (Hyttebom, 1975)
Fagus sylvatica 3.39 (Nihlgard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Fagus sylvatica 3.22 (Nihlgard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Liriodendron tulipifera 1.22 (Whittaker, 1966; Whittaker, 1971; Young, 1972)
Liriodendron tulipifera 4.85 (Whittaker, 1966)
Liriodendron tulipifera 0.608 (Harris et al., 1977; Reichle et al., 1981; Sollins et 
al., 1973)
Populus davidiana 1.82 (Kawahara et al., 1979; Ogino, 1977)
Populus grandidenta 0.910 (Harris et al., 1973; Harris and Henderson, 1981)
Populus grandidenta 3.58 (Koerper and Richardson, 1980)
Populus grandidenta 3.13 (Koerper and Richardson, 1980)
Populus tremuloides 2.05 (Koerper and Richardson, 1980)
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Populus tremuloides 0.706 (Bray and Dudkiewicz, 1963; Gosz and 1980, 1980)
Populus tremuloides 1.75 (Alban and Niering, 1975; Whittaker and Niering, 
1975)
Populus tremuloides 3.36 (Alban and Niering, 1975; Whittaker and Niering, 
1975)
Populus tremuloides 2.45 (Crow, 1978)
Populus tremuloides 1.69 (Crow, 1978)
Populus tremuloides 2.42 (Kestemont, 1971; Kestemont, 1975)
Populus tremuloides 2.77 (Pollard, 1972)
Populus tremuloides 2.38 (Pollard, 1972)
Quercus 5.28 (Whittaker, 1963; Whittaker, 1966)
Quercus alba 1.03 (Crow, 1978)
Quercus alba 1.36 (Lawson et al., 1981)
Quercus alba 1.09 (Lawson et al., 1981)
Quercus alba 0.800 (Rochow, 1974a; Rochow, 1974b; Rochow, 1975; 
Whittaker, 1966)
Quercus borealis 3.43 (Rochow, 1974a; Rochow, 1974b; Rochow, 1975; 
Whittaker, 1966)
Quercus borealis 1.68 (Ovington et al., 1963; Whittaker, 1963; Whittaker, 
1966)
Quercus ellipsoidalis 1.17 (Ovington et al., 1963; Whittaker, 1963; Whittaker, 
1966)
Quercus oblongifolia 1.85 (Reiners, 1972; Reiners and Reiners, 1970; 
Whittaker and Niering, 1975)
Quercus pedunculiflora 0.803 (Decei, 1981; Donita et al., 1981)
Quercus petraea 2.89 (Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
Quercus petraea 1.73 (Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971)
Quercus petraea 2.70 (Ellenberg, 1971; Ellenberg, 1981b)
Quercus petraea 3.00 (Satoo, 1970; Satoo et al., 1956)
Quercus prinus 1.57 (Reiners, 1972; Reiners and Reiners, 1970; 
Whittaker and Niering, 1975)
Quercus prinus 3.33 (Whittaker, 1963; Whittaker, 1966)
Quercus prinus 1.32 (Harris et al., 1973; Harris and Henderson, 1981)
Quercus pubescens 1.90 (Drift, 1974; Drift, 1981)
Quercus robur 2.60 (Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971)
Quercus robur 2.11 (Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971)
Quercus robur 1.79 (Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971)
Quercus robur 2.66 (Kestemont, 1971; Kestemont, 1975)
Quercus robur 2.01 (Hyttebom, 1975)
Quercus stellata 1.32 (Day and Monk, 1977a; Day and Monk, 1977b; Day 
and Monk, 1974)
Taxodium distichum 1.65 (Johnson and Risser, 1974)
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Grass
No woody component 
Shrub
Set to 0.22. See text for 
discussion
New live wood carbon:new total wood carbon
ENF
Abies balsamea 0.0560 (Panshin et al., 1964)
Larix occidentalis 0.100 (Panshin et al., 1964)
Picea engelmannii 0.0590 (Panshin et al., 1964)
Pinus taeda 0.0760 (Panshin et al., 1964)
Pseudotsuga menziesii 0.0730 (Panshin et al., 1964)
Sequoia sempervirens 0.0780 (Panshin et al., 1964)
Taxodium distichum 0.0660 (Panshin et al., 1964)
Tsuga canadensis 0.0590 (Panshin et al., 1964)
DNF
Set to ENF 
DBF
Acer saccharum 0.179 (Panshin et al., 1964)
Betula alleghaniensis 0.107 (Panshin et al., 1964)
Fagus grandifolia 0.204 (Panshin et al., 1964)
Liriodendron tulipifera 0.142 (Panshin et ai., 1964)
Populus tremuloides 0.096 (Panshin et al., 1964)
Quercus alba 0.279 (Panshin et al., 1964)
Robinia pseudoacacia 0.209 (Panshin et al., 1964)
Tilia americana 0.00600 (Panshin et al., 1964)
Grass
No woody component 
Shrub
Set to 1.0. See text for 
discussion
Coarse root carbon:stem carbon
ENF
Abies amabilis 
Abies amabilis
0.395 (Gholz et al., 1979; Grier and Milne, 1981; Grier et
al., 1981)
0.202 (Gholz et al., 1979; Grier and Milne, 1981; Grier et
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al., 1981)
Abies veitchii 0.659 (Tadaki et al., 1967)
Abies veitchii 0.298 (Tadaki et al., 1967)
Abies veitchii 0.301 (Tadaki et al., 1967)
Abies veitchii 0.302 (Tadaki et al., 1967)
Abies veitchii 0.488 (Tadaki et al., 1970)
Abies veitchii 0.318 (Tadaki et al., 1970)
Abies veitchii 0.413 (Tadaki et al., 1970)
Abies veitchii 0.273 (Tadaki et al., 1970)
Abies veitchii 0.235 (Tadaki et al., 1970)
Abies veitchii 0.266 (Kimura, 1963; Kimura, 1969; Kimura et al., 1968)
Picea abies 0.159 (Duvigneaud and Kestemont. 1977: Kestemont. 
1975)
Picea abies 0.194 (Droste zu Hiilshoff, 1970; Ellenberg, 1981b)
Picea abies 0.230 (Nihlgard, 1972; Nihlgard and Lindgren, 1977; 
Nihlgard and Lindgren, 1981)
Pinus densiflora 0.236 (Hatiya et al., 1965)
Pinus densiflora 0.246 (Hatiya et al., 1965)
Pinus densiflora 0.240 (Hatiya et al., 1965)
Pinus densiflora 0.238 (Hatiya et al., 1965)
Pinus densiflora 0.259 (Hatiya et al., 1965)
Pinus monticola 0.211 (Hanley, 1976)
Pinus monticola 0.250 (Hanley, 1976)
Pinus monticola 0.171 (Hanley, 1976)
Pinus monticola 0.367 (Hanley, 1976)
Pinus monticola 0.483 (Hanley, 1976)
Pinus monticola 0.186 (Hanley, 1976)
Pinus monticola 0.200 (Hanley, 1976)
Pinus monticola 0.165 (Hanley, 1976)
Pinus monticola 0.184 (Hanley, 1976)
Pinus monticola 0.213 (Hanley, 1976)
Pinus monticola 0.203 (Hanley, 1976)
Pinus monticola 0.187 (Hanley, 1976)
Pinus monticola 0.173 (Hanley, 1976)
Pinus monticola 0.174 (Hanley, 1976)
Pinus nigra 0.220 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.515 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.303 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.264 (Miller et al., 1976; Miller and Miller, 1976)
Pinus nigra 0.471 (Miller et al., 1976; Miller and Miller, 1976)
Pinus pinea 0.288 (Droste zu Hülshoff, 1970; Ellenberg, 1981b)
Pinus sylvestris 0.593 (Malkonen, 1974)
Pinus sylvestris 0.375 (Malkonen, 1974)
Pinus sylvestris 0.351 (Malkonen, 1974)
Pinus taeda 0.221 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.228 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.182 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.181 (Nemeth, 1973a; Nemeth, 1973b)
Pinus taeda 0.841 (Harris et al., 1977; Kinerson et al., 1977; Ralston,
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1973)
Pinus taeda 0.250 (Nemeth, 1973a; Nemeth, 1973b)
Pseudotsuga menziesii 0.310 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 0.151 (Cole et al., 1968; Cole and Rapp, 1981; Dice, 1970; 
Grier et al., 1974)
Pseudotsuga menziesii 0.472 (Keyes and Grier, 1981)
Pseudotsuga menziesii 0.257 (Keyes and Grier, 1981)
Tsuga heterophylla 0.214 (Fujimori, 1971; Fujimori et al., 1976; Grier, 1976)
Tsuga heterophylla 0.248 (Fujimori, 1971; Fujimori et al., 1976; Grier, 1976)
Tsuga sieboldii 
DNF
Set to ENF
0.181 (Ando et al., 1977)
DBF
Aesculus octandra 0.247 (Whittaker, 1966; Whittaker, 1971)
Alnus glutinosa 0.161 (Kestemont, 1975)
Alnus rubra 0.274 (Zavitkovski et al., 1976; Zavitkovski and Stevens, 
1972)
Betula pubescens 0.452 (Malkonen, 1977)
Betula pubescens 0.127 (Lemée, 1978)
Fagus crenata 0.162 (Tadaki et al., 1969)
Fagus crenata 0.227 (Tadaki et al., 1969)
Fagus crenata 0.134 (Tadaki et al., 1969)
Fagus crenata 0.165 (Kakubari, 1977)
Fagus crenata 0.168 (Kakubari, 1977)
Fagus crenata 0.178 (Kakubari, 1977)
Fagus crenata 0.142 (Kakubari, 1977)
Fagus crenata 0.126 (Kakubari, 1977)
Fagus crenata 0.160 (Kakubari, 1977)
Fagus crenata 0.144 (Kakubari, 1977)
Fagus crenata 0.134 (Kakubari, 1977)
Fagus crenata 0.311 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.310 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.288 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.299 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.316 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.297 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.336 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.319 (Maruyama, 1971; Maruyama, 1977)
Fagus crenata 0.354 (Marayama, 1971; Maruyama, 1977)
Fagus crenata 0.231 (Kawahara et al., 1979; Ogino, 1977)
Fagus grandifolia 0.310 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
et al., 1974)
Fagus grandifolia 0.315 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
e ta l., 1974)
Fagus grandifolia 0.319 (Bormann et al., 1970; Gosz et al., 1972; Whittaker 
e ta l., 1974)
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Fagus sylvatica 0.161
Fagus sylvatica 0.216
Fagus sylvatica 0.135
Fagus sylvatica 0.090
Fagus sylvatica 0.077
Fagus sylvatica 0.197
Fagus sylvatica 0.174
Fagus sylvatica 0.181
Liriodendron tulipifera 0.563
Populus tremuloides 0.152
Quercus petraea 0.185
Quercus petraea 0.101
Quercus petraea 0.264
Quercus robur 0.096
Quercus robur 0.187
Quercus robur 0.157
Quercus robur 0.195
(Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
(Duvigneaud and Kestemont, 1977; Kestemont, 
1975)
(Ellenberg, 1971; Ellenberg, 1981b)
(Ellenberg, 1971; Ellenberg, 1981b)
(Ellenberg, 1971; Ellenberg, 1981b)
(Nihlgard, 1972; Nihlgard and Lindgren, 1977) 
(Nihlgard, 1972; Nihlgard and Lindgren, 1977) 
(Nihlgard, 1972; Nihlgard and Lindgren, 1977) 
(Harris et al., 1973; Harris and Henderson, 1981) 
(Pastor and Bockheim, 1981)
(Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971) 
(Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971)
(Drift, 1974; Drift, 1981)
(Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971) 
(Duvigneaud and Froment, 1969; Duvigneaud and 
Kestemont, 1977; Duvigneaud et al., 1971) 
(Kestemont, 1971; Kestemont, 1975)
(Kestemont, 1971; Kestemont, 1975)
Grass
No woody component
Shrub 
Set to ENF
Carbon to Nitrogen Parameters
Leaf carbon:nitrogen ratio
ENF
Juniperus Virginia 30.5 (Reich et al., 1995)
Picea abies 58.8 (Berg. 1988)
Picea abies 28.1 (Reich etal., 1995)
Picea glauca 40.3 (Reich et al., 1995)
Picea mariana 41.3 (Reich et al., 1995)
Pinus albicaulis 45.4 (Gower and Richards, 1990)
Pinus banksiarui 40.3 (Reich et al., 1995)
Pinus cantorta 51.0 (Hunt etal., 1988)
Pinus contorta 70.0 (Fahey et al., 1985)
Pinus contorta 47.6 (Berg and Ekhbom, 1991)
Pinus contorta 35.7 (Gower et al., 1987)
Pinus contorta 41.6 (Gower and Richards, 1990)
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Pinus resinosa 37.0 (Reich et al., 1995)
Pinus resinosa 50.0 (Reich et al., 1995)
Pinus strobus 29.4 (Reich et al., 1995)
Pinus strobus 22.8 (Reich et al., 1995)
Pinus sylvestris 33.1 (Berg, 1988)
Pinus sylvestris 36.0 (Reich et al., 1995)
Pinus sylvestris 33.1 (Berg and Ekhbom, 1991)
Pinustaeda 42.0 (Naidu et al., 1993)
Pseudotsuga menziesii 50.0 (Brix, 1981)
Pseudotsuga menziesii 40.0 (Mitchell and Hinckley, 1993)
Thuja occidentalis 58.1 (Reich et al., 1995)
Thuja occidentalis 39.1 (Reich et al., 1995)
Tsuga mertensiana 41.6 (Gower and Richards, 1990)
DNF
Larix decidua 26.0 (Kloeppel et al., 1998)
Larix decidua 27.8 (Kloeppel et al., 1998)
Larix decidua 33.6 (Kloeppel et al., 1998)
Larix decidua 26.3 (Kloeppel et al., 1998)
Larix decidua 29.8 (Kloeppel et al., 1998)
Larix decidua 23.7 (Kloeppel et al., 1998)
Larix decidua 18.9 (Kloeppel et al., 1998)
Larix decidua 20.0 (Matyssek and Schulze, 1987)
Larix eurolepsis 16.7 (Matyssek and Schulze, 1987)
Larix gmelinii 28.1 (Kloeppel et al., 1998)
Larix laricina 30.3 (Kloeppel et al., 1998)
Larix laricina 33.8 (Kloeppel et al., 1998)
Larix laricina 20.9 (Kloeppel et al., 1998)
Larix laricina 37.0 (Kloeppel et al., 1998)
Larix leptolepsis 20.8 (Matyssek and Schulze, 1987)
Larix lyallii 22.1 (Kloeppel et al., 1998)
Larix lyallii 23.8 (Gower and Richards, 1990)
Larix lyallii 27.8 (Richards, 1981)
Larix occidentalis 24.4 (Kloeppel et al., 1998)
Larix occidentalis 25.3 (Kloeppel et al., 1998)
Larix occidentalis 34.7 (Kloeppel et al., 1998)
Larix occidentalis 35.2 (Kloeppel et al., 1998)
Larix occidentalis 32.3 (Kloeppel et al., 1998)
Larix occidentalis 31.3 (Kloeppel et al., 1998)
Larix occidentalis 25.0 (Gower, 1987)
Larix occidentalis 29.4 (Gower and Richards, 1990)
Larix olgenisis 32.7 (Kloeppel et al., 1998)
Larix siberica 20.2 (Kloeppel et al., 1998)
Larix siberica 22.3 (Kloeppel et al., 1998)
Larix siberica 18.6 (Kloeppel et al., 1998)
DBF
Acer rubrum 23.8 (Reich et al., 1995)
Acer rubrum 25.6 (Reich et al., 1995)
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Acer saccharum 25.6 (Reich et al., 1995)
Acer saccharum 28.6 (Reich et al., 1995)
Acer saccharum 32.5 (Ellsworth and Reich, 1992a)
Acer saccharum 23.5 (Ellsworth and Reich, 1992a)
Acer saccharum 25.8 (Ellsworth and Reich, 1992a)
Acer saccharum 31.1 (Jose and Gillespie, 1996)
Alnus glutinosa 18.5 (Dawson and Funk, 1981)
Alnus incana 16.3 (Berg and Ekhbom, 1991)
Betula nigra 21.9 (Reich et al., 1995)
Betula papyrifera 28.7 (Berg and Ekhbom, 1991)
Betula pumila 33.1 (Reich et al., 1995)
Carya glabra 33.1 (Jose and Gillespie, 1996)
Carya ovata 25.2 (Reich et al., 1995)
Catalpa speciosa 27.0 (Reich et al., 1995)
Celtis occidentalis 20.9 (Reich eta l., 1995)
Camus florida 35.7 (Reich et al., 1995)
Fagus grandifolia 26.9 (Jose and Gillespie, 1996)
Fraxinus americana 23.5 (Reich etal., 1995)
Fraxinus americana 23.5 (Reich et al., 1995)
Ilex verticillata 32.3 (Reich et al., 1995)
Juglans nigra 16.9 (Reich et al., 1995)
Liriodendron tulipifera 31.4 (Jose and Gillespie, 1996)
Lonicera x bella 26.9 (Reich et al., 1995)
Morus rubra 21.6 (Reich et al., 1995)
Populus deltoïdes 21.2 (Reich et al., 1995)
Populus tremuloides 22.6 (Reich et al., 1995)
Prunus serotina 24.2 (Reich et al., 1995)
Prunus serotina 18.9 (Reich et al., 1995)
Quercus alba 27.2 (Jose and Gillespie, 1996)
Quercus ellipsoidalis 23.8 (Reich et al., 1995)
Quercus macrocarpa 21.3 (Reich et al., 1995)
Quercus prinus 35.0 (Jose and Gillespie, 1996)
Quercus rubra 16.8 (Reich et al., 1995)
Quercus rubra 23.7 (Reich et al., 1995)
Quercus rubra 33.1 (Jose and Gillespie, 1996)
Quercus velutina 34.0 (Jose and Gillespie, 1996)
Rhamnus cathartica 21.6 (Reich et al., 1995)
Rubus alleghaniensis 16.5 (Reich et al., 1995)
Salix dasyclados 18.7 (K ulle ta l., 1998)
Salix viminalis 20.6 (Kull et al., 1998)
Ulmus americatia 25.9 (Reich et al., 1995)
Grass
Aegilops ovata 17.7 (Gamier et al., 1997)
Agropryron smithii 28.1 (Hunt et al., 1988)
Agropyron sp. 14.3 (Gamier et al., 1997)
Andropogon gerardii 32.9 (Knapp, 1985)
Andropogon gerardii 58.8 (Knapp, 1985)
Avena barbata 18.9 (Gamier et al., 1997)
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Avenula bromoides 24.8 (Gamier et al., 1997)
Brachypodium distachyon 29.0 (Gamier et al., 1997)
Brachypodium 30.8 (Gamier et al., 1997)
phoenicoides
Brachypodium 32.5 (Gamier et al., 1997)
phoenicoides
Brachypodium retusum 24.6 (Gamier et al., 1997)
Brachypodium retusum 27.9 (Gamier et al., 1997)
Bromus erectus 27.3 (Gamier et al., 1997)
Bromus erectus 23.2 (Gamier et al., 1997)
Bromus erectus 23.8 (Gamier et al., 1997)
Bromus hordeadeus 18.8 (Gamier et al., 1997)
Bromus lanceolatus 26.7 (Gamier et al., 1997)
Bromus madritensis 23.6 (Gamier et al., 1997)
Bromus madritensis 23.0 (Gamier et al., 1997)
Dactylis glomerata 23.3 (Gamier et al., 1997)
Desmazeria rigida 19.6 (Gamier et al., 1997)
Dichanthium ischaemum 24.8 (Gamier et al., 1997)
Dry alluvial meadow 30.5 (Titlyanova and Bazilevich, 1979)
Halophytic mdw-steppe 36.8 (Titlyanova and Bazilevich, 1979)
Hordeum murinum 16.4 (Gamier et al., 1997)
Hyparrhenia ntfa 16.4 (Bamch et al., 1985)
Lolium rigidum 20.2 (Gamier et al., 1997)
Matador, Canada 27.9 (Coupland and Van Dyne, 1979)
Meadow-steppe 22.7 (Titlyanova and Bazilevich, 1979)
Meadow-steppe 26.9 (Titlyanova and Bazilevich, 1979)
Melica ciliata 18.7 (Gamier et al., 1997)
Melica ciliata 18.2 (Gamier et al., 1997)
Melinis minutiflora 14.6 (Baruch et al., 1985)
Mesohalophytic meadow 23.3 (Titlyanova and Bazilevich, 1979)
Mesophytic alluv. mdw. 45.5 (Titlyanova and Bazilevich, 1979)
Mesophytic alluv. mdw. 25.5 (Titlyanova and Bazilevich, 1979)
Mesophytic meadow 23.6 (Titlyanova and Bazilevich, 1979)
Mesophytic meadow 21.2 (Titlyanova and Bazilevich, 1979)
Panicum virgatum 38.5 (Knapp, 1985)
Panicum virgatum 45.0 (Knapp, 1985)
Phleum pratense 18.7 (Gamier et al., 1997)
Soiling Plateau, W. Ger. 17.6 (Titlyanova and Bazilevich, 1979)
ssp. hispanica 17.1 (Gamier et al., 1997)
Steppe meadow 19.3 (Titlyanova and Bazilevich, 1979)
Steppe meadow 21.9 (Titlyanova and Bazilevich, 1979)
Temperate grassland 27.9 (Coupland and Van Dyne, 1979)
Vulpia ciliata 24.0 (Gamier et al., 1997)
Shrub
Arbutus menziesii 53.3 (Field etal., 1983)
Heteromeles arbutifolia 56.7 (Field et al., 1983)
Ledum palustre 28.5 (Kudo, 1995)
Ledum palustre 30.5 (Kudo, 1995)
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Ledum palustre 33.3 (Kudo, 1995)
Prosopis glandulosa 17.0 (Gausman et al., 1979)
Prunus ilicifolia 32.5 (Field e ta l., 1983)
Rhamnus califomica 32.8 (Field e ta l., 1983)
Umbellularia califomica 32.2 (Field et al., 1983)
Litter carbon:nltrogen ratio
ENF
Abies amabilis 110 (Edmonds, 1980)
Abies amabilis 110 (Ross and Tate, 1993)
Abies balsamea 84.7 (Fyles and McGill, 1987)
Abies concolor 68.5 (Stohlgren, 1988)
Abies concolor 69.4 (Stohlgren, 1988)
Abies lasiocarpa 87.3 (Stump and Binkley, 1993)
Abies lasiocarpa 102 (Taylor et al., 1991)
Calocedrus decurrens 79.4 (Stohlgren, 1988)
Picea abies 116 (Berg and McClaugherty, 1989)
Picea abies 50.5 (Gower and Son, 1992)
Picea engelmannii 93.8 (Stump and Binkley, 1993)
Picea engelmannii 87.7 (Taylor et al., 1991)
Picea glauca 117 (Fyles and McGill, 1987)
Pinus banksiana 103 (Fyles and McGill, 1987)
Pinus contorta 134 (Berg and McClaugherty, 1989)
Pinus contorta 111 (Stump and Binkley, 1993)
Pinus contorta 135 (Fahey eta l., 1985)
Pinus contorta 128 (Berg and Ekhbom, 1991)
Pinus contorta 49.0 (Taylor et al., 1991)
Pinus elliottii 143 (Gholz e ta l., 1985)
Pinus lambertiana 75.8 (Stohlgren, 1988)
Pinus lambertiana 69.4 (Stohlgren, 1988)
Pinus ponderosa 89.3 (Hart et al., 1992)
Pinus ponderosa 64.9 (Hart et al., 1992)
Pinus resinosa 69.4 (Gower and Son, 1992)
Pinus resinosa 116 (Aber et al., 1990)
Pinus resinosa 90.9 (Pastor e ta l., 1984)
Pinus strobus 61.0 (Gower and Son, 1992)
Pinus strobus 114 (Aber et al., 1990)
Pinus strobus 104 (Pastor et al., 1984)
Pinus sylvestris 132 (Berg et al., 1984)
Pinus sylvestris 120 (Berg and McClaugherty, 1989)
Pinus sylvestris 104 (Berg and Ekhbom, 1991)
Pinus sylvestris 132 (Staaf and Berg, 1982)
Pseudotsuga menziesii 100 (Aber and Melillo, 1982)
Pseudotsuga menziesii 49.8 (Edmonds, 1980)
Pseudotsuga menziesii 61.0 (Aber and Melillo, 1980)
Sequoiadendron gigant. 96.2 (Stohlgren, 1988)
Tsuga heterophylla 83.6 (Edmonds, 1980)
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Tsuga heterophylla 60.2 (Aber et al., 1990)
Tsuga heterophylla 51.0 (Pastor et al., 1984)
DNF
Larix decidua 113 (Kloeppel et al., 1998)
Larix decidua 121 (Kloeppel et al., 1998)
Larix decidua 146 (Kloeppel et al., 1998)
Larix decidua 114 (Kloeppel et al., 1998)
Larix decidua 129 (Kloeppel et al., 1998)
Larix decidua 103 (Kloeppel et al., 1998)
Larix decidua 82.0 (Kloeppel et al., 1998)
Larix decidua 87.0 (Matyssek and Schulze, 1987)
Larix eurolepsis 73.9 (Matyssek and Schulze, 1987)
Larix gmelinii 122 (Kloeppel et al., 1998)
Larix laricina 132 (Kloeppel et al., 1998)
Larix laricina 147 (Kloeppel et al., 1998)
Larix laricina 91.0 (Kloeppel et al., 1998)
Larix laricina 161 (Kloeppel et al., 1998)
Larix leptolepsis 91.3 (Matyssek and Schulze, 1987)
Larix lyallii 96.2 (Kloeppel et al., 1998)
Larix lyallii 104 (Gower and Richards, 1990)
Larix lyallii 122 (Richards, 1981)
Larix occidentalis 106 (Kloeppel et al., 1998)
Larix occidentalis 110 (Kloeppel et al., 1998)
Larix occidentalis 151 (Kloeppel et al., 1998)
Larix occidentalis 153 (Kloeppel et al., 1998)
Larix occidentalis 140 (Kloeppel et al., 1998)
Larix occidentalis 136 (Kloeppel et al., 1998)
Larix occidentalis 109 (Gower, 1987)
Larix occidentalis 126 (Gower and Richards, 1990)
Larix olgenisis 142 (Kloeppel et al., 1998)
Larix siberica 88.0 (Kloeppel et al., 1998)
Larix siberica 97.0 (Kloeppel et al., 1998)
Larix siberica 80.8 (Kloeppel et al., 1998)
DBF
Acer 49.5 (Aber and Melillo, 1980)
Acer pseudoplatanus 19.8 (Bocock, 1964)
Acer rubrum 71.4 (Aber and Melillo, 1982)
Acer rubrum 75.8 (Aber etal., 1990)
Acer rubrum 73.5 (Aber et al., 1990)
Acer rubrum 71.4 (Melillo e tal., 1982)
Acer saccharum 87.8 (Gosz et al., 1973)
Acer saccharum 83.3 (Aber and Melillo, 1982)
Acer saccharum 60.2 (Aber et al., 1990)
Acer saccharum 52.1 (Pastor et al., 1984)
Acer saccharum 83.3 (Melillo et al., 1982)
Alnus glutinosa 16.3 (Bocock, 1964)
Alnus rubra 23.8 (Aber and Melillo, 1982)
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Alnus rubra 31.5 (Edmonds, 1980)
Alnus viridis 44.1 (Fyles and McGill, 1987)
Betula 54.3 (Aber and Melillo, 1980)
Betula alleghaniensis 58.8 (Gosz et al., 1973)
Betula Papyrifera 55.6 (Aber and Melillo, 1982)
Betula Papyrifera 55.6 (Aber et al., 1990)
Betula Papyrifera 55.6 (Melillo et al., 1982)
Betula pendula 64.9 (Berg and Ekhbom, 1991)
Betula pubescens 65.8 (Berg eta l., 1984)
Carya spp. 38.5 (Aber and Melillo, 1982)
Castanea dentata 47.6 (Aber and Melillo, 1982)
Castanea sativa 114 (Cortez et al., 1996)
Castanea sativa 64.9 (Anderson, 1973)
Ceanothus spp. 58.8 (Aber and Melillo, 1982)
Comus florida 34.4 (Aber and Melillo, 1982)
Corylus avellana 36.0 (Bocock, 1964)
Fagus 55.6 (Aber and Melillo, 1980)
Fagus grandifolia 61.0 (Gosz et al., 1973)
Fagus grandifolia 58.8 (Aber and Melillo, 1982)
Fagus grandifolia 55.6 (Melillo et al., 1982)
Fagus sylvatica 64.0 (Cortez et al., 1996)
Fagus sylvatica 42.7 (Bocock, 1964)
Fagus sylvatica 42.7 (Anderson, 1973)
Fraxinus 49.5 (Aber and Melillo, 1980)
Fraxinus americana 55.6 (Aber and Melillo, 1982)
Fraxinus americana 50.0 (Pastor e ta l., 1984)
Fraxinus americana 55.6 (Melillo et al., 1982)
Fraxinus angustifolia 53.8 (Gallardo and Merino, 1993)
Fraxinus excelsior 33.8 (Gilbert and Bocock, 1960)
Fraxinus excelsior 32.3 (Bocock, 1964)
Liriodendron tulipifera 45.5 (Aber and Melillo, 1982)
Nothofagus spp. 66.0 (Ross and Tate, 1993)
Populus tremuloides 70.8 (Stump and Binkley, 1993)
Populus tremuloides 60.2 (Aber et al., 1990)
Prunus 43.5 (Aber and Melillo, 1980)
Prunus avium 44.6 (Bocock, 1964)
Prunus pennsylvanica 40.0 (Aber and Melillo, 1982)
Prunus pennsylvanica 41.7 (Melillo e ta l., 1982)
Quercus alba 62.5 (Aber and Melillo, 1982)
Quercus alba 59.5 (Aber e ta l., 1990)
Quercus alba 56.2 (Pastor et al., 1984)
Quercus canariensis 71.4 (Gallardo and Merino, 1993)
Quercus coccinea 76.9 (Aber and Melillo, 1982)
Quercus ilex 56.5 (Cortez et al., 1996)
Quercus petraea 63.9 (Cortez et al., 1996)
Quercus petraea 68.5 (Bocock et al., 1960)
Quercus petraea 54.3 (Bocock, 1963)
Quercus petraea 64.9 (Bocock, 1964)
Quercus petraea 64.9 (Bocock, 1964)
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Quercus prinus 41.7 (Aber and Melillo, 1982)
Quercus prinus/rubra 48.1 (Strojan, 1978)
Quercus pyrenaica 53.8 (Gallardo and Merino, 1993)
Quercus robur 63.3 (Bocock, 1964)
Quercus rubra 58.1 (Gower and Son, 1992)
Quercus rubra 60.2 (Aber e tal., 1990)
Quercus rubra 59.5 (Aber e tal., 1990)
Quercus rubra 61.0 (Aber e ta l., 1990)
Quercus rubra 57.5 (Pastor et al., 1984)
Quercus suber 61.7 (Gallardo and Merino, 1993)
Robinia pseudoacacia 32.2 (Aber and Melillo, 1982)
Salix atrocinerea 68.5 (Gallardo and Merino, 1993)
Sassafras albidum 35.2 (Strojan, 1978)
Tilia americana 31.2 (Pastor et al., 1984)
Grass
Dry alluv. mdw. 36.5 (Titlyanova and Bazilevich, 1979)
Grass 43.7 (Taylor et al., 1991)
Halophytic mdw steppe 51.5 (Titlyanova and Bazilevich, 1979)
Halophytic meadow 38.5 (Titlyanova and Bazilevich, 1979)
Matador, Canada 54.3 (Coupland and Van Dyne, 1979)
Meadow-steppe 51.5 (Titlyanova and Bazilevich, 1979)
Meadow-steppe 35.7 (Titlyanova and Bazilevich, 1979)
Mesohalophytic mdw. 37.6 (Titlyanova and Bazilevich, 1979)
Steppe meadow 32.7 (Titlyanova and Bazilevich, 1979)
Wet halophytic meadow 69.4 (Titlyanova and Bazilevich, 1979)
Shrub
Alder 26.4 (Taylor et al., 1991)
Arctostaphylos 66.7 (Taylor et al., 1991)
Ceanothus megacarpus 74.6 (Schlesinger, 1985)
Ceanothus megacarpus 79.4 (Schlesinger, 1985)
Cistus libanotis 122 (Gallardo and Merino, 1993)
Halimium halimifolium 152 (Gallardo and Merino, 1993)
Quercus coccifera 54.9 (Gallardo and Merino, 1993)
Quercus lusitanica 54.9 (Gallardo and Merino, 1993)
Salvia mellifera 86.2 (Schlesinger, 1985)
Salvia mellifera 76.9 (Schlesinger, 1985)
Sepherdia 27.9 (Taylor et al., 1991)
Fine root carbon:nltrogen ratio
ENF
Abies amabilis 
Abies amabilis 
Abies lasiocarpa 
ENF
48.1 (Grier et al., 1981; Vogt et al., 1982)
54.9 (Grier et al., 1981 ; Vogt et al., 1982)
81.5 (Stump and Binkley, 1993)
59.2 (Taylor e ta l., 1991)
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ENF 49.0 (Vogt et al., 1986)
ENF 49.5 (Vogt et al., 1986)
ENF 50.5 (Vogt et al., 1986)
ENF 31.4 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
ENF 36.5 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
ENF 36.2 (DeAngelis et al., 1981; Nadelhoffer e tal., 1985)
ENF 50.0 (DeAngelis et al., 1981; Nadelhoffer e ta l., 1985)
ENF 61.0 (Lutz and Cline, 1947; McClaugherty et al., 1982; 
Vogt e ta l., 1986)
ENF 40.3 (Nambiar, 1987)
ENF 42.4 (Nambiar, 1987)
Picea engelmannii 68.4 (Stump and Binkley, 1993)
Picea/Abies 27.6 (Kimmins and Hawkes, 1978; Krumlik and 
Kimmins, 1976)
Picea/Abies 37.0 (Damman, 1964; Damman, 1971)
Picea/Abies 46.7 (Damman, 1964; Damman, 1971)
Pinus contorta 82.4 (Stump and Binkley, 1993)
Pinus strobus 53.6 (Aber etal., 1990)
Pinus taeda 61.7 (Birk and Vitousek, 1986)
Pinus taeda 49.5 (Birk and Vitousek, 1986)
Pinus taeda 48.5 (Birk and Vitousek, 1986)
Pinus taeda 52.6 (Birk and Vitousek, 1986)
Pinus taeda 54.9 (Birk and Vitousek, 1986)
Pseudotsuga menziesii 79.4 (Grier et al., 1974; Santantonio et al., 1977)
Pseudotsuga menziesii 
DNF
Set to ENF
200 (Grier et al., 1974; Santantonio et al., 1977)
DBF
Acer saccharum 29.9 (Aber et al., 1990)
DBF 25.0 (Fahey and et al, 1978)
DBF 53.2 (Yin, 1989)
DBF 37.6 (DeAngelis et al., 1981; Nadelhoffer e ta l., 1985)
DBF 42.0 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
DBF 43.9 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
DBF 42.7 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
DBF 37.9 (DeAngelis et al., 1981; Nadelhoffer et al., 1985)
DBF 37.9 (Lutz and Cline, 1947; McClaugherty e ta l., 1984; 
Vogt et al., 1986)
DBF 58.8 (Lutz and (Zline, 1947; McClaugherty et al., 1984; 
Vogt et al., 1986)
DBF 46.7 (Lutz and Cline, 1947; McClaugherty et al., 1982; 
Vogt et al., 1986)
Populus tremuloides 52.4 (Stump and Binkley, 1993)
Quercus 36.2 (Joslin and Henderson, 1987)
Quercus 68.5 (Joslin and Henderson, 1987)
Quercus 75.8 (Joslin and Henderson, 1987)
Quercus 73.5 (Joslin and Henderson, 1987)
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Grass
Dry alluvial meadow 61.0
Grass 48.0
Halophytic mdw. steppe 70.4
Halophytic meadow 72.5
Matador, Canada 75.8
Meadow-steppe 40.0
Meadow-steppe 62.5
Mesohalophytic mdw. 21.7
Mesohalophytic mdw. 45.9
Mesophytic alluv. mdw. 57.5
Mesophytic alluv. mdw. 33.1
Mesophytic meadow 42.4
Soiling Plateau 34.0
Steppe meadow 22.3
Steppe meadow 37.9
Wet alluvial meadow 37.3
Wet halophytic meadow 87.7
Shrub
Set to ENF
(Titlyanova and Bazilevich, 1979) 
(Taylor et al., 1991)
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Coupland and Van Dyne, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979) 
(Titlyanova and Bazilevich, 1979)
Live wood carbon:nitrogen ratio
See text for discussion
Dead wood carbon:nitrogen ratio 
ENF
Abies 212 (Allison et al., 1963)
Abies amabilis 680 (Edmonds, 1987)
Abies concolor 996 (Allison et al., 1963)
Calocedrus 526 (Allison et al., 1963)
Cedar 365 (Allison et al., 1963)
Cupressus 882 (Allison et al., 1963)
Larix occidentalis 270 (Allison et al., 1963)
Picea engelmannii 411 (Allison et al., 1963)
Pinus contorta 660 (Allison et al., 1963)
Pinus contorta 1400 (Fahey et al., 1985)
Pinus echinata 346 (Allison et al., 1963)
Pinus elliottii 984 (Allison et al., 1963)
Pinus lambertiana 404 (Allison et al., 1963)
Pinus monticola 433 (Allison et al., 1963)
Pinus palustris 1310 (Allison et al., 1963)
Pinus ponderosa 867 (Allison et al., 1963)
Pinus strobus 555 (Allison et al., 1963)
Pinus strobus 1250 (Berg et al., 1984)
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Pinus taeda 716 (Allison et al., 1963)
Pseudotsuga menziesii 943 (Allison et al., 1963)
Pseudotsuga menziesii 667 (Aber and Melillo, 1980)
Pseudotsuga menziesii 1040 (Edmonds, 1987)
Sequoia 822 (Allison et al., 1963)
Tsuga canadensis 458 (Allison et al., 1963)
Tsuga heterophylla 991 (Edmonds, 1987)
Tsuga/Picea 769 (Grier, 1978)
Wood 710 (Harmon et al., 1986)
DNF
Set to ENF
DBF
Acer 556 (McClaugherty et al., 1985)
Carya 468 (Allison et al., 1963)
Castanea 654 (Allison et al., 1963)
Eucalyptus 819 (Allison et al., 1963)
Juglans nigra 470 (Allison et al., 1963)
Liriodendron tulipifera 535 (Allison et al., 1963)
Quercus alba 451 (Allison et al., 1963)
Quercus rubra 479 (Allison et al., 1963)
Quercus stellata 492 (Allison et al., 1963)
Quercus velutina 676 (Allison et al., 1963)
Wood 421 (Harmon et al., 1986)
Grass
No woody component
Shrub
Set to ENF
Labile, Cellulose, and LIgnIn Fraction Parameters
Fine root fractions
ENF, DBL, Grass labile cellulose lignin
Abies lasiocarpa 37.8 19.8 (Stump and Binkley, 1993)
Acer saccharum 18.5 47.7 33.8 (Taylor et al., 1991)
Agropyron repens 15.9 (Wedin et al., 1995)
Agrostis scabra 9.50 (Wedin et al., 1995)
ENF 23.3 36.1 (Taylor et al., 1991)
Grass 22.2 24.7 (Taylor et al., 1991)
Picea Engelmannii 38.1 19.2 (Stump and Binkley, 1993)
Pinus contorta 43.3 21.4 (Stump and Binkley, 1993)
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Pinus strobus 
Poa pratensis 
Populus tremuloides 
Schizachyrium scopar.
DNF and shrub 
Set to grouped value
25.2 49.5 25.3 (Aber et al., 1990)
17.0 (Wedin et al., 1995)
44.4 22.3 (Stump and Binkley, 1993)
22.5 (Wedin et al., 1995)
Litter fractions
ENF labile cellulose llgnlr)
Abies amabilis 25.4 (Edmonds, 1984)
Abies balsamea 27.6 (Fyles and McGill, 1987)
Abies concolor 17.0 (Stohlgren, 1988)
Abies concolor 16.2 (Stohlgren, 1988)
Abies lasiocarpa 45.7 26.5 (Stump and Binkley, 1993)
Abies lasiocarpa 54.4 14.6 (Taylor et al., 1991)
Calocedrus decurrens 9.6 (Stohlgren, 1988)
Picea abies 34.0 (Berg and McClaugherty,
1989)
Picea engelmannii 49.1 26.1 (Stump and Binkley, 1993)
Picea engelmannii 48.9 14.6 (Taylor et al., 1991)
Picea glauca 24.9 (Fyles and McGill, 1987)
Pinus banksiana 29.3 (Fyles and McGill, 1987)
Pinus contorta 37.6 (Berg and McClaugherty,
1989)
Pinus contorta 37.0 25.2 (Stump and Binkley, 1993)
Pinus contorta 14.5 38.1 (Berg and Ekhbom, 1991)
Pinus contorta 32.5 24.5 (Taylor et al., 1991)
Pinus elliottii 23.7 (Gholz etal., 1985)
Pinus lambertiana 18.3 (Stohlgren, 1988)
Pinus lambertiana 16.4 (Stohlgren, 1988)
Pinus ponderosa 18.7 26.1 (Hart et al., 1992)
Pinus ponderosa 21.4 30.9 (Hart et al., 1992)
Pinus resinosa 25.8 46.5 27.7 (Aber et al., 1990)
Pinus strobus 32.8 44.7 22.5 (Aber e ta l., 1990)
Pinus sylvestris 25.7 49.3 25.0 (Berg et al., 1984)
Pinus sylvestris 28.6 (Berg and McClaugherty,
1989)
Pinus sylvestris 27.7 23.1 (Berg and Ekhbom, 1991)
Pseudotsuga menziesii 24.0 (Aber and Melillo, 1982)
Sequoiadendron 20.3 (Stohlgren, 1988)
giganteum
Tsuga 39.8 39.6 20.6 (Aber et al., 1990)
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DNF
Set to ENF
DBF labile cellulose llgnin
Acer rubrum 10.5 (Aber and Melillo, 1982)
Acer rubrum 44.7 38.0 17.3 (Aber e ta l., 1990)
Acer rubrum 43.9 38.9 17.2 (Aber e ta l., 1990)
Acer rubrum 10.1 (Melillo et al., 1982)
Acer saccharum 10.5 (Aber and Melillo, 1982)
Acer saccharum 44.8 43.1 12.1 (Aber e ta l., 1990)
Acer saccharum 10.1 (Melillo et al., 1982)
Alnus rubra 10.5 (Aber and Melillo, 1982)
Alnus viridis 24.6 (Fyles and McGill, 1987)
Betula 37.7 35.9 26.3 (Berg e ta l., 1984)
Betula 29.7 33.0 (Berg and Ekhbom, 1991)
Betula papyrifera 14.0 (Aber and Melillo, 1982)
Betula papyrifera 41.7 37.6 20.1 (Aber et al., 1990)
Betula papyrifera 14.5 (Melillo et al., 1982)
Carya 17.0 (Aber and Melillo, 1982)
Castanea 9.0 (Aber and Melillo, 1982)
Castanea sativa 23.4 69.4 9.2 (Cortez et al., 1996)
Ceanothus 10.5 (Aber and Melillo, 1982)
Comus florida 6.0 (Aber and Melillo, 1982)
Fagus 23.0 (Aber and Melillo, 1982)
Fagus 24.1 (Melillo et al., 1982)
Fagus sylvatica 12.4 56.1 31.5 (Cortez et al., 1996)
Fraxinus 12.2 (Melillo et al., 1982)
Fraxinus americana 12.5 (Aber and Melillo, 1982)
Fraxinus angustifolia 29.5 10.5 (Gallardo and Merino, 1993)
Uriodendron tulipifera 15.0 (Aber and Melillo, 1982)
Populus tremuloides 40.6 19.4 (Stump and Binkley, 1993)
Populus tremuloides 31.1 47.5 21.4 (Aber e ta l., 1990)
Prunus pennsylvannica 18.0 (Aber and Melillo, 1982)
Prunus pennsylvannica 19.3 (Melillo et al., 1982)
Quercus alba 17.0 (Aber and Melillo, 1982)
Quercus alba 32.4 47.4 20.2 (Aber et al., 1990)
Quercus canariensis 37.9 15.1 (Gallardo and Merino, 1993)
Quercus coccinea 17.0 (Aber and Melillo, 1982)
Quercus ilex 13.4 62.4 24.2 (Cortez et al., 1996)
Quercus petraea 21.1 56.0 24.0 (Cortez et al., 1996)
Quercus prinus 25.5 (Aber and Melillo, 1982)
Quercus pyrenaica 43.1 14.3 (Gallardo and Merino, 1993)
Quercus rubra 30.8 42.5 26.7 (Aber et al., 1990)
Quercus rubra 28.4 43.4 28.2 (Aber e ta l., 1990)
Quercus rubra 30.0 45.2 24.8 (Aber e ta l., 1990)
Quercus suber 42.1 18.1 (Gallardo and Merino, 1993)
Robinia pseudoacacia 25.5 (Aber and Melillo, 1982)
Salix atrocinerea 22.4 18.1 (Gallardo and Merino, 1993)
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Grass labile cellulose llgnin
Agropyron repens 12.5 (Wedin etal., 1995)
Agrostis scabra 17.4 (Wedin et al., 1995)
Dactylotaenium 32.0 7.8 (Mtambanengwe and
Kirchmann, 1995)
Grass 30.0 12.0 (Taylor et al., 1991)
Grass pasture 12.0 (Cadisch et al., 1996)
Mixed grasses 16.2 5.3 (Singer and Harter, 1996)
Mixed grasses 12.9 4.1 (Singer and Harter, 1996)
Mixed grasses 17.0 5.4 (Singer and Harter, 1996)
Mixed grasses 29.0 6.5 (Singer and Harter, 1996)
Mixed grasses 29.6 6.1 (Singer and Harter, 1996)
Mixed grasses 26.9 6.0 (Singer and Harter, 1996)
Poa pratensis 10.7 (Wedin et al., 1995)
Schizachyrium scoparium 15.4 (Wedin et al., 1995)
Shrub labile cellulose llgnin
Alnus 53.7 16.2 (Taylor et al., 1991)
Bearberry 58.1 16.6 (Taylor et al., 1991)
Ceanothus megacarpus 22.3 19.8 (Schlesinger, 1985)
Ceanothus megacarpus 19.7 31.2 (Schlesinger, 1985)
Chilopsis linearis 14.6 (Schaefer et al., 1985)
Cistus libanotis 17.4 8.8 (Gallardo and Merino, 1993)
Flourensia cemua 9.6 (Schaefer et al., 1985)
Halimium halimifolium 26.8 8.9 (Gallardo and Merino, 1993)
Larrea tridentata 10.6 (Schaefer et al., 1985)
Prosopis glandulosa 7.9 (Schaefer et al., 1985)
Quercus coccifera 36.4 18.8 (Gallardo and Merino, 1993)
Quercus lusitanica 34.1 20.1 (Gallardo and Merino, 1993)
Salvia mellifera 13.2 15.6 (Schlesinger, 1985)
Salvia mellifera 14.3 16.9 (Schlesinger, 1985)
Shepherdia 55.6 9.2 (Taylor et al., 1991)
Yucca elata 9.9 (Schaefer et al., 1985)
Dead wood fractions
ENF cellulose lignin
Abies balsamea 70.0 29.5 (Clermont and Schwartz, 1951; Côte, 1977;
Panshin and de Zeeuw, 1980; Timmell,
1957)
Larix larcina 72.0 28.0 (Panshin and de Zeeuw, 1980; Timmell,
1957)
Picea abies 70.0 30.0 (Rydholm, 1965)
Picea glauca 70.5 28.5 (Clermont and Schwartz, 1951; Panshin and
de Zeeuw, 1980; Timmell, 1967; Timmell,
1957)
Picea mariana 72.5 27.5 (Clermont and Schwartz, 1951; W ise and
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Pinus banksiana
Jahn, 1952)
72.0 28.0 (Clermont and Schwartz, 1951; Timmell,
1957)
Pinus elliotii 70.0 30.0 (Panshin and de Zeeuw, 1980)
Pinus strobus 72.5 27.5 (Clermont and Schwartz, 1951 ; Panshin and 
de Zeeuw, 1980; Timmell, 1967)
Pinus sylvestris 70.0 30.0 (Rydholm, 1965)
Pinus Taeda 71.0 29.0 (Wise and Jahn, 1952)
Pseudotsuga menziesii 73.0 27.0 (Panshin and de Zeeuw, 1980; Wise and 
Jahn, 1952)
Sequoia sempervirens 66.0 34.0 (Panshin and de Zeeuw, 1980)
Thuja occidentalis 68.0 32.0 (Côte, 1977; Panshin and de Zeeuw, 1980; 
Timmell, 1957)
Tsuga canadensis 68.0 32.0 (Clermont and Schwartz, 1951; Panshin and 
de Zeeuw, 1980; Timmell, 1967; Timmell, 
1957)
Tsuga heterophylla 70.0 30.0 (Wise and Jahn, 1952)
Pinus strobus 68.3 22.1 (Berg et al., 1984)
Pseudotsuga menziesii 22.8 (Edmonds, 1987)
Tsuga heterophylla 25.2 (Edmonds, 1987)
Abies amabilis 
DNF
Set to ENF
32.8 (Edmonds, 1987)
DBF cellulose lignin
Acer rubrum 75.0 24.0 (Côte, 1977; Tinunell, 1957)
Acer rubrum 80.5 12.5 (McClaugherty et al., 1985)
Acer saccharum 75.0 25.0 (Panshin and de Zeeuw, 1980)
Betula lutea 74.0 26.0 (Panshin and de Zeeuw, 1980)
Betula papyrifera 81.0 19.0 (Clermont and Schwartz, 1951; Timmell, 
1967; Timmell, 1957)
Betula verrucosa 78.0 21.0 (Rydholm, 1965)
Fagus grandifolia 74.0 24.0 (Panshin and de Zeeuw, 1980; Timmell, 
1957)
Populus tremuloides 78.5 19.5 (Clermont and Schwartz, 1951; Côte, 1977; 
Panshin and de Zeeuw, 1980; Timmell, 
1957)
Quercus rubra 75.0 25.0 (Wise and Jahn, 1952)
Robinea pseudoacacia 68.0 32.0 (Panshin and de Zeeuw, 1980)
Ulmus americana 74.0 24.0 (Timmell, 1967)
Shrub 
Set to ENF
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Leaf Area Parameters
Specific leaf area
ENF
Abies grandis 10.0 (Gower and Richards, 1990)
Juniperus Virginia 6.00 (Reich et al., 1995)
Picea abies 7.80 (Reich et al., 1995)
Picea abies 8.00 (Gower and Richards, 1990)
Picea abies 6.80 (Bauer et al., 1997)
Picea abies 9.40 (Bauer etal., 1997)
Picea abies 9.40 (Bauer etal., 1997)
Picea abies 9.40 (Bauer et al., 1997)
Picea abies 6.40 (Bauer et al., 1997)
Picea abies 6.40 (Bauer et al., 1997)
Picea abies 6.80 (Bauer etal., 1997)
Picea glauca 7.00 (Reich et al., 1995)
Picea mariana 7.40 (Gower and Richards, 1990)
Picea mariana 9.76 (Kloeppel et al., 1998)
Picea sitchensis 9.80 (Gower and Richards, 1990)
Pinus albicaulis 10.2 (Gower and Richards, 1990)
Pinus albicaulis 7.58 (Kloeppel et al., 1998)
Pinus banksiana 8.20 (Reich et al., 1995)
Pinus contorta 8.00 (Gower, 1987)
Pinus contorta 7.60 (Gower and Richards, 1990)
Pinus contorta 9.76 (Kloeppel etal., 1998)
Pinus ponderosa 2.40 (Cregg, 1994)
Pinus ponderosa 2.08 (Cregg, 1994)
Pinus ponderosa 2.01 (Cregg, 1994)
Pinus ponderosa 2.44 (Cregg, 1994)
Pinus ponderosa 2.25 (Cregg, 1994)
Pinus resinosa 8.00 (Reich et al., 1995)
Pinus resinosa 5.60 (Reich et al., 1995)
Pinus resinosa 10.0 (Gower and Richards, 1990)
Pinus strobus 11.4 (Reich et al., 1995)
Pinus strobus 14.8 (Reich et al., 1995)
Pinus strobus 14.8 (Gower and Richards, 1990)
Pinus sylvestris 6.80 (Reich etal., 1995)
Pseudotsuga menziesii 9.00 (Gower, 1987)
Pseudotsuga menziesii 8.74 (Kloeppel et al., 1998)
Pseudotsuga menziesii 8.76 (Kloeppel et al., 1998)
Thuja occidentalis 9.00 (Reich et al., 1995)
Tsuga heterophylla 21.0 (Gower and Richands, 1990)
Tsuga mertensiarui 9.20 (Gower and Richards, 1990)
DNF
Larix decidua 24.6 (Gower and Richards, 1990)
Larix decidua 16.0 (Matyssek and Schulze, 1987)
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Larix eurolepsis 
Larix laricina 
Larix laricina 
Larix leptolepsis 
Larix leptolepsis 
Larix lyallii 
Larix lyallii 
Larix occidentalis 
Larix occidentalis 
Larix occidentalis 
Larix occidentalis 
Larix occidentalis 
Larix occidentalis
17.9 (Matyssek and Schulze, 1987)
23.2 (Gower and Richards, 1990)
24.8 (Kloeppel et al., 1998)
28.2 (Gower and Richards, 1990)
18.8 (Matyssek and Schulze, 1987)
26.4 (Gower and Richards, 1990)
21.2 (Richards, 1981)
16.8 (Gower, 1987)
15.2 (Gower and Richards, 1990)
26.4 (Kloeppel et al., 1998)
22.8 (Kloeppel et al., 1998)
24.0 (Kloeppel et al.. 1998)
25.6 (Kloeppel et al., 1998)
DBF
Acer negundo 44.4 (Abrams et al., 1994)
Acer rubrum 33.2 (Reich et al., 1995)
Acer rubrum 46.6 (Reich et al., 1995)
Acer saccharum 26.6 (Reich et al., 1995)
Acer saccharum 23.6 (Reich et al., 1995)
Acer saccharum 52.6 (Abrams et al., 1994)
Acer saccharum 36.6 (Burton et al., 1991)
Acer saccharum 44.0 (Burton et al., 1991)
Acer saccharum 35.4 (Burton et al., 1991)
Acer saccharum 34.4 (Burton et al., 1991)
Acer saccharum 42.8 (Burton et al., 1991)
Acer saccharum 31.1 (Jose and Gillespie, 1996)
Betula lenta 44.4 (Abrams et al., 1994)
Betula nigra 23.6 (Reich et al., 1995)
Betula pendula 33.3 (Kull and Niinemets, 1993)
Betula pumila 19.6 (Reich et al., 1995)
Beureria cumanensis 23.3 (Holbrook et al., 1995)
Bulnesia arborea 22.0 (Holbrook et al., 1995)
Carya cordiformis 50.0 (Abrams et al., 1994)
Carya glabra 26.9 (Jose and Gillespie, 1996)
Carya ovata 22.4 (Reich et al., 1995)
Castanea dentata 34.5 (Abrams et al., 1994)
Celtis occidentalis 24.2 (Reich et al., 1995)
Celtis tenuifolia 23.5 (Abrams et al., 1994)
Coccoloba liebmannii 25.0 (Holbrook et al., 1995)
Cochlospermum vitifolium 37.0 (Holbrook et al., 1995)
Comus altemifolia 26.7 (Abrams et al., 1994)
Comus florida 21.6 (Reich et al., 1995)
Fagus grandifolia 29.3 (Jose and Gillespie, 1996)
Fagus sylvatica 27.8 (Bauer e ta l., 1997)
Fagus sylvatica 48.0 (Bauer e ta l., 1997)
Fagus sylvatica 37.0 (Bauer et al., 1997)
Fagus sylvatica 37.8 (Bauer et al., 1997)
Fagus sylvatica 38.8 (Bauer e ta l., 1997)
Forchhammeria pallida 28.6 (Holbrook et al., 1995)
Fraxinus americana 26.4 (Reich et al., 1995)
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Fraxinus americana 21.6 (Reich et al., 1995)
Fraxinus americana 30.8 (Abrams et al., 1994)
Fraxinus nigra 52.6 (Abrams et al., 1994)
Genipa caruto 20.8 (Holbrook et al., 1995)
Godmania macrocarpa 16.3 (Holbrook et al., 1995)
Humboldtiella arborea 54.1 (Holbrook et al., 1995)
Ilex verticillata 24.4 (Reich et al., 1995)
Jacquinia pungens 20.0 (Holbrook et al., 1995)
Juglans nigra 61.0 (Reich e tal., 1995)
Juglans nigra 30.8 (Abrams et al., 1994)
Liriodendron tulipifera 20.5 (Jose and Gillespie, 1996)
Lonchocarpus dipteroneurus 48.8 (Holbrook et al., 1995)
Lonicera x bella 21.8 (Reich et al., 1995)
Luehea Candida 46.5 (Holbrook et al., 1995)
Mansoa verrucifera 35.1 (Holbrook et al., 1995)
Morus rubra 36.4 (Reich etal., 1995)
Pereskia guamacho 37.0 (Holbrook et al., 1995)
Pithecellobium carabobense 23.5 (Holbrook et al., 1995)
Pithecellobium dulce 30.3 (Holbrook et al., 1995)
Pithecellobium ligustrinum 30.8 (Holbrook et al., 1995)
Populus deltoïdes 21.8 (Reich etal., 1995)
Populus hybrid 24.8 (Heilman and Fu-Guang, 1994)
Populus hybrid 25.2 (Heilman and Fu-Guang, 1994)
Populus hybrid 22.4 (Heilman and Fu-Guang, 1994)
Populus hybrid 26.6 (Heilman and Fu-Guang, 1994)
Populus hybrid 24.4 (Heilman and Fu-Guang, 1994)
Populus hybrid 21.4 (Heilman and Fu-Guang, 1994)
Populus hybrid 32.0 (Heilman and Fu-Guang, 1994)
Populus hybrid 29.0 (Heilman and Fu-Guang, 1994)
Populus hybrid 27.4 (Heilman and Fu-Guang, 1994)
Populus hybrid 29.2 (Heilman and Fu-Guang, 1994)
Populus hybrid 30.0 (Heilman and Fu-Guang, 1994)
Populus hybrid 23.4 (Heilman and Fu-Guang, 1994)
Populus tremuloides 24.2 (Reich et al., 1995)
Prunus pensylvanica 30.8 (Abrams et al., 1994)
Prunus serotina 19.8 (Reich et al., 1995)
Prunus serotina 50.0 (Reich et al., 1995)
Prunus serotina 40.0 (Abrams et al., 1994)
Prunus serotina 26.7 (Jose and Gillespie, 1996)
Quercus alba 20.4 (Jose and Gillespie, 1996)
Quercus ellipsoidalis 19.0 (Reich et al., 1995)
Quercus ellipsoidalis 37.0 (Reich et al., 1995)
Quercus macrocarpa 22.8 (Reich et al., 1995)
Quercus macrocarpa 33.3 (Abrams et al., 1994)
Quercus prinus 19.9 (Jose and Gillespie, 1996)
Quercus rubra 26.2 (Reich et al., 1995)
Quercus rubra 27.0 (Reich et al., 1995)
Quercus rubra 20.2 (Jose and Gillespie, 1996)
Quercus velutina 25.0 (Abrams et al., 1994)
Randia aculeata 60.6 (Holbrook et al., 1995)
Rhamnus cathartica 22.0 (Reich et al., 1995)
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Rubus alleghaniensis 54.0
Salix dasyclados 27.2
Salix viminalis 30.1
Sassafras albidum 30.8
Tabebuia billergiana 38.5
Tilia americana 66.7
Tropical deciduous forest 36.4
Ulmus americana 16.8
Ulmus rubra 22.2
Grass
Aegilops ovata 46.2
Agropyron sp. 55.0
Andropogon gerardii 32.8
Andropogon gerardii 41.5
Avena barbata 50.8
Avenula bromoides 36.8
Brachypodium distachyon 65.6
Brachypodium phoenicoides 31.4
Brachypodium phoenicoides 33.2
Brachypodium retusum 35.4
Brachypodium retusum 36.8
Bromus erectus 34.0
Bromus erectus 40.4
Bromus erectus 44.0
Bromus hordeaceus 56.4
Bromus lanceolatus 57.6
Bromus madritensis 74.0
Bromus madritensis 71.6
Dactylis glomerata 40.8
Dactylis glomerata 43.6
Desmazeria rigida 46.6
Dichanthium ischaemum 58.0
Grass 15.8
Hordeum murinum 58.8
Lolium rigidum 50.6
Melica ciliata 49.8
Melica ciliata 43.0
Panicum virgatum 37.1
Panicum virgatum 39.0
Paspalum dilatatum 66.0
Phleum pratense 54.2
Trifolium repens 50.0
Trifolium repens 68.0
Trifolium repens 88.0
Vulpia ciliata 75.4
Shivb
Gaultheria antipoda 17.6
Gaultheria antipoda 18.1
(Reich et al., 1995) 
(Kull et al., 1998)
(Kull et al., 1998) 
(Abrams et al., 1994) 
(Holbrook et al., 1995) 
(Abrams et al., 1994) 
(Maass et al., 1995) 
(Reich et al., 1995) 
(Abrams et al., 1994)
(Gamier et al.. 1997) 
(Gamier et al., 1997) 
(Knapp, 1985)
(Knapp, 1985)
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(McWilliam et al., 1993) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Gamier et al., 1997) 
(Knapp, 1985)
(Knapp, 1985)
(Clark et al., 1997) 
(Gamier et al., 1997) 
(Clark et al., 1997) 
(Clark et al., 1997) 
(Clark et al., 1997) 
(Gamier et al., 1997)
(Kômer et al., 1986) 
(K ôm eretal., 1986)
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Gaultheria depressa 14.7 (Komer et al., 1986)
Gaultheria depressa 14.6 (K ôm eretal., 1986)
Ledum palustre 5.62 (Kudo, 1995)
Ledum palustre 11.4 (Kudo, 1995)
Ledum palustre 13.4 (Kudo, 1995)
Pemettya alpina 13.6 (Komer et al., 1986)
Retama sphaerocarpa 3.00 (Pugnaire et al., 1996)
AII-sided:projected leaf area ratio
ENF
Pinus ponderosa 2.45 (Cregg, 1994)
Pinus ponderosa 2.40 (Cregg, 1994)
Pinus ponderosa 2.37 (Cregg, 1994)
Pinus ponderosa 2.37 (Cregg, 1994)
Pinus ponderosa 2.44 (Cregg, 1994)
Pinus contorta 2.57 (Barclay, 1998)
Pinus strobus 2.54 (Swank and Schreuder, 1973b)
Pinus 3.14 (Deblonde et al., 1994)
Pinus 3.14 (Fassnacht et al., 1994)
Pinus 2.57 (Fassnacht et al., 1994)
Pinus 2.30 (Drew and Running, 1975)
DNF
Set to ENF
DBF, Grass 
Defined as 2.0
Shrub
Set to 2.3. See text for 
discussion
Shadedrsunlit specific leaf area ratio
Set to 2.0 for all biomes. See text for discussion.
Conductance Parameters (Rates and Limitations)
Maximum stomatal conductance
Set to 0.006 m s ' for all biomes. See text for discussion. Standard deviation and number of 
samples are taken from (Kelliher et al., 1995).
Cuticuiar conductance
Set to 0.00006 m s ' for all biomes. See text for discussion.
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Boundary layer conductance
Calculated from assumed wind speed and leaf shape. See text for discussion.
Leaf water potential at initial and final reduction to  stomatal conductance
ENF Initial final
Abies bommulleriana 0.20 2.0 (Guehl, 1991)
Cedrus atlantica 0.50 3.3 (Guehl, 1991)
Juniperus monosperma 0.50 2.8 (Lajtha and Barnes, 1991)
Juniperus osteosperma 1.0 3.0 (DeLucia and Schlesinger, 1990)
Picea glauca 0.50 1.5 (Eastman and Camm, 1995)
Picea glauca 0.60 1.8 (Goldstein et al., 1985)
Picea mariana 0.50 4.0 (Dang et al., 1997)
Pinus banksiana 1.0 2.8 (Dang et al., 1997)
Pinus contorta 0.50 1.4 (Running, 1980)
Pinus edulis 1.0 5.0 (Lajtha and Barnes, 1991)
Pinus jejfreyi 0.70 2.0 (DeLucia and Schlesinger, 1990)
Pinus monophylla 0.70 2.0 (DeLucia and Schlesinger, 1990)
Pinus ponderosa 0.80 1.5 (Cregg, 1994)
Pinus ponderosa 0.50 2.2 (DeLucia et al., 1988)
Pinus ponderosa 0.70 2.0 (DeLucia and Schlesinger, 1990)
DBF initial final
Acer saccharum 0.20 1.3 (Ni and Pallardy, 1991)
Juglans nigra 0.20 1.5 (Ni and Pallardy, 1991)
Quercus afares 0.50 2.0 (Acherar and Rambal, 1992)
Quercus alba 0.20 2.0 (Ni and Pallardy, 1991)
Quercus faginea 0.50 2.0 (Acherar and Rambal, 1992)
Quercus marilandica 0.50 3.5 (Reich and Hinckley, 1980)
Quercus petraea 0.30 3.0 (Epron and Dreyer, 1993)
Quercus petraea 0.30 2.5 (Bréda et al., 1993)
Quercus pubescens 0.50 3.0 (Dameisin and Rambal, 1995)
Quercus rubra 0.30 2.2 (Crunkilton et al., 1992)
Quercus stellata 
DNF
Set to ENF
0.20 1.5 (Ni and Pallardy, 1991)
Grass initial final
Leersia hexandra 1.7 3.3 (Kirkman and Sharitz, 1993)
Manisuris rugosa 0.20 1.3 (Kirkman and Sharitz, 1993)
Panicum hemitomon 0.80 2.3 (Kirkman and Sharitz, 1993)
Poa sand bergii 0.20 4.0 (Link et al., 1990)
Shrub initial final
Artemesia tridentata 0.50 5.0 (DeLucia et al., 1988)
Artemesia tridentata 0.80 4.0 (Smith et al., 1997a)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
Artemesia tridentata l.O 3.5 (Smith et al., 1997a)
Ceanothus thyrsiflorus 0.30 2.5 (Tenhunen et al., 1994)
Colegyne ramosissima 1.0 7.0 (Smith et al., 1995)
Ephedra nevadensis 1.0 5.0 (Smith et al., 1995)
Eucalyptus socialis 1.0 3.0 (Collatz et al., 1976)
Haplopappus cooperi 1.0 6.0 (Smith et al., 1995)
Larrea tridentata 1.0 4.5 (Franco et al., 1994)
Nerium oleander 0.50 1.8 (Gollan et al., 1985)
Vapor pressure deficit at initial and final reduction to stomatal conductance
ENF initial final
Abies alba 500 2000 (Guehl, 1991)
Abies cephalonica 500 2000 (Guehl, 1991)
Abies marocana 500 2000 (Guehl, 1991)
Abies nordmanniana 500 2000 (Guehl, 1991)
Juniperus occidentalis 1000 5000 (Miller et al.. 1993)
Picea glauca 500 2500 (Goldstein et al., 1985)
Picea mariana 500 6000 (Dang et al., 1997)
Pinus banksiana 800 3800 (Dang et al., 1997)
Pinus sylvestris 600 2500 (Kellomaki and Wang, 1997)
Pseudotsuga menziesii 700 3500 (Meinzer, 1982)
DBF initial final
Acersaccharum 1200 3400 (Ellsworth and Reich, 1992b)
Betula pendula 1000 4000 (Osonubi and Davies, 1980)
Fagus sylvatica 600 3000 (Kersteins, 1995)
Populus angustifolia 2000 4700 (Foster and Smith, 1991)
Populus nigra 500 3500 (Appleby and Davies, 1983)
Populus tremuloides 1000 4200 (Dang et al., 1997)
Ulmus glabra 1600 2300 (Appleby and Davies, 1983)
Grass initial final
Abutilon theophrasti 1000 2000 (Bunce, 1996)
Amaranthus 700 3000 (Bunce, 1993)
hypochondriacus 
Ambrosia chamissonis 800 3000 (Mooney and Chu, 1983)
Eriogonum latifolium 1000 3500 (Mooney and Chu, 1983)
Fragaria chiloensis 1000 3500 (Mooney and Chu, 1983)
Heteropogon contortis 1500 6000 (Williams and Black, 1994)
Hyparrhenia rufa 1000 5500 (Baruch et al., 1985)
Leymus cinereus 1200 5000 (Smith et al., 1997a)
Melinis minutifolia 1000 5500 (Baruch et al., 1985)
Permisetum setaceum 1500 12000 (Williams and Black, 1994)
Trachypogon plumosus 1000 6000 (Baruch et al., 1985)
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Shrub initial final
Arbutus unedo 1000 4000 (Tenhunen et al., 1982)
Arbutus unedo 1000 3500 (Turner et al., 1985)
Artemesia tridentata 800 5000 (Smith et al., 1997a)
Artemesia tridentata 800 6000 (Smith et al., 1997a)
Larrea tridentata 1000 3300 (Franco et al., 1994)
Nerium oleander 1000 5000 (Gollan et al., 1985)
Nerium oleander 1500 4000 (Turner et al., 1985)
Psychotria horizontalis 600 2500 (Hogan et al., 1994)
Yucca glauca 1000 4000 (Roessler and Monson, 1985)
Miscellaneous Parameters
Water interception coefficient
ENF, DNF, DBF, and shnib  
based on the following 
Pinus radiata 
Pinus
Temperate broadleaf 
Temperate broadleaf 
Tropical broadleaf
Grass
Set to 50% of above mean 
Light extinction coefficient
0.036 (Kelliher et al.. 1992)
0.052 (Gash et al., 1995)
0.035 (Klaassen et al., 1996)
0.040 (Lankreijeret al., 1993)
0.063 (Scatena, 1990)
ENF
ENF
ENF
ENF
ENF
ENF
ENF
ENF
Pinus
Pinus
Pinus contorta 
Pinus taeda 
Pinus taeda 
Pinus taeda 
Pseudotsuga menziesii
0.530 (Pierce and Running, 1988)
0.490 (Pierce and Running, 1988)
0.510 (Pierce and Running, 1988)
0.480 (Pierce and Running, 1988)
0.480 (Pierce and Running, 1988)
0.520 (Pierce and Running, 1988)
0.580 (Pierce and Running, 1988)
0.460 (Sinclair and Knoer, 1982)
0.529 (Lindroth and Perttu, 1981)
0.430 (Sampson and Smith, 1993)
0.511 (Sampson and Allen, 1998)
0.477 (Sampson and Allen, 1998)
0.641 (Sampson and Allen, 1998)
0.500 (Black et al., 1991)
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DNF
Set to ENF 
DBF
(includes evergreen broad leaf) 
Castanopsis 0.500
Eucalyptus globulus 0.500
Fagus 0.400
Mixed deciduous 0.660
Populus deltoïdes 0.540
Populus hybrid 0.622
Populus hybrid 0.473
Populus tremuloides 0.500
Rain forest 0.600
Theobroma cacao 0.610
Tropical deciduous forest 0.610
Grass
Cynodon dactylon 0.620
Distichlis spicata 0.557
Festuca arundinacea 0.439
Festuca arundinacea 0 .411
Festuca arundinacea 0.401
Festuca arundinacea 0.406
Festuca arundinacea 0.322
Festuca arundinacea 0.533
Festuca arundinacea 0.550
Festuca arundinacea 0.372
Festuca arundinacea 0.514
Festuca arundinacea 0.441
Festuca arundinacea 0.533
Festuca arundinacea 0.369
Festuca arundinacea 0.384
Festuca arundinacea 0.594
Festuca arundinacea 0.314
Pennisetum 0.400
Sasa nipponica 0.742
Sasa nipponica 0.778
Sporobolus airoides 0.490
Shrub
Artemesia tridentata 0.411
Atriplex canescens 0.531
Atriplex confertifolia 0.531
Atriplex lentiformis 0.528
Chrysothannus nauseosus 0.531
Lysimachia vulgaris 0.689
(Waring and Schlesinger, 1985) 
(Gazarini et al., 1990)
(Waring and Schlesinger, 1985) 
(Brown and Parker, 1994)
(Li et al., 1997)
(Heilman and Fu-Guang, 1994) 
(Heilman and Fu-Guang, 1994) 
(Chen et al., 1997)
(Waring and Schlesinger, 1985) 
(Miyaji et al., 1997)
(Maass et al., 1995)
(Morgan and Brown, 1983) 
(Groeneveld, 1997) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Sugiyama et al., 1985) 
(Matsuda et al., 1991) 
(Agata and Kamata, 1979) 
(Agata and Kamata, 1979) 
(Groeneveld, 1997)
(Groeneveld, 1997) 
(Groeneveld, 1997) 
(Groeneveld, 1997) 
(Groeneveld, 1997) 
(Groeneveld, 1997) 
(Hirose et al., 1988)
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Lysimachia vulgaris 0.716 (Hirose et al., 1988)
Sarcobatus vermiculatus 0.470 (Groeneveld, 1997)
Fraction of leaf nitrogen in rubisco
Calculated. See text for discussion.
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Appendix G
Calculation of C:Nieaf, SLA, leaf longevity, and FLNR from climate and 
regression equations
The following procedure is completed for each pixel in the VEMAP dataset containing either 
ENF or DBF. Climate data is mean data from the 1895-1993 VEMAP data. Regression equations 
to predict leaf N from SLA and leaf lifespan were originally in the form YsaX"" in Reich et al. 
(1997). I inverted the equations here to predict SLA and leaf lifespan from leaf N. I estimated 
intercept (a) from the scatter plots in figure 1 of Reich et al. (1997) (authors did not publish 
intercepts). In general, the procedure involved four calculations: 1) N concentration in mg/g from 
climatic data, 2) SLA from N concentration, 3) leaf lifespan in months from N concentration, and 
4) FLNR from SLA and C:Nieaf. To create the maps in the text (Figure 13-14), I converted the 
units to BIOME-BGC units of meters and kg C.
1. C:Nieaf. Yin ( 1993) provided equations to predict leaf N concentration (mg/g) for ENF and 
DBF:
ENF leaf N = 11.1 - 709[(Tj„+4.S)/(Tj.„+273)]*
DBF leaf N = 36 J  - 6exp(Tjui/20)
where Tjan is mean January temperature and Tjui, is mean July temperature.
2. SLA (cm" g ‘, projected leaf area basis, from Reich et al., 1997). Same equation for both 
biomes.
SLA = (leaf N/1.48)‘-“
3. Leaf lifespan (months, from Reich et al., 1997). Same equation for both biomes.
Leaf lifespan = Qeaf N/35)’̂ “
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4. FLNR calculation is described in the text. Same equation for both biomes. To recap: 
FLN R = ( Vcm« SLA C iN kf ) /  ( F  act )
where Vcm» is the maximum rate of carboxylation (pmol CO2 m '  s '), F  is the ratio of the 
mass of rubisco to the mass of N in rubisco, and act is the rubisco activity at 25°C.
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CHAPTER 2
THE IMPACT OF GROWING SEASON LENGTH 
VARIABILITY ON CARBON ASSIMILATION AND 
EVAPOTRANSPIRATION OVER 88 YEARS IN THE 
EASTERN U.S. DECIDUOUS FOREST
Abstract
Recent research has suggested that increases in growing season length (GSL) in mid-northern 
latitudes could be partially responsible for increased forest growth and carbon sequestration. I 
used the BIOME-BGC ecosystem model to investigate the impacts of including a dynamically- 
regulated GSL on simulated carbon and water balance over a historical 88-year record (1900- 
1987) for 12 sites in the eastern U.S. deciduous broadleaf forest. For individual sites, the 
predicted GSL regularly varied by more than 15 days. When grouped into three climatic zones, 
GSL variability was still large and rapid. Colder, northern sites showed a recent trend toward 
longer GSL, but moderate and warm climates did not. Results showed that, for all sites, 
prediction of a long (short) GSL versus using the mean GSL increased (decreased) net ecosystem 
production (NEP), gross primary production (GPP), and évapotranspiration (ET). On an absolute 
basis, GPP differences between the dynamic and mean GSL simulations were larger than NEP 
differences. As a percent difference, though, NEP was much more sensitive to GSL changes than 
were either GPP or ET. On average, a one day change in GSL changed NEP by 1.6%, GPP by 
0.5%, and ET by 0.2%. Predictions of NEP and GPP in cold climates were more sensitive to 
changes in GSL than were warm climates. ET showed no similar sensitivity. Results: 1) strongly 
agreed with field measurements showing a high NEP correlation with dates of spring growth, and 
2) suggested that persistent increases in GSL could lead to long-term increases in carbon storage.
115
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Introduction
Three lines of observational evidence suggest that growing season length (GSL) exerts a strong 
control on ecosystem carbon cycles. First, using the eddy covariance technique at the Harvard 
Forest in central Massachusetts, (Goulden et al., 1996) found that annual carbon exchange was 
strongly controlled by small changes in the timing of spring growth. Second, Keeling (1996) 
suggested that early spring growth, as seen in seasonal atmospheric CO; cycles, had likely caused 
an increase in northern latitude productivity. Third, using remote sensing analysis, Myneni et al. 
(1997) found increased northern latitude GSL, again possibly leading to increased productivity. 
Additionally, global circulation models (GCMs) often predict a large northern terrestrial carbon 
sink (e.g. Randerson et al., 1997). Speculation is therefore growing that the predicted carbon sink 
could be at least partially due to increases in GSL as opposed to changes in temperature during 
the growing season.
Ecosystem models are a promising tool for testing the hypothesis that future climate 
change may affect GSL and net carbon exchanges. Yet the influence of historical GSL 
interannual variability (e.g. Sparks and Carey, 1995) on model predictions is not yet well 
understood. Essentially, if models are not responsive to GSL variability, then the models do not 
represent observational evidence and will not benefit from adding the complexity required to 
regulate GSL.
On the other hand, if models are responsive to GSL variability, then users must decide 
how to regulate GSL. Consider the four following options. First, satellite observations can be 
used to force growing season dynamics for current and recent applications (Reed et al., 1994), but 
are not useful for future scenarios or long-term historical analysis. Second, field observations can 
be directly input into models, but general scarcity and inconsistency of data prevents this from 
being a viable option. Thus, modelers are generally left with the third and fourth options: using a
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constant GSL or dynamically predicting the length and timing of the growing season, usually 
with climatic data.
In this paper, I tested the impacts of choosing one of these two options. To do so, I 
investigated three related questions within the eastern U.S. deciduous broadleaf forest for 1900- 
1987. First, what is the long-term GSL variability and what are the climatic controls over GSL? 
Second, what are the differences in simulated carbon and water balances induced solely by 
variation in GSL? Third, what is the relation between GSL influences and climatic conditions?
Methods
I used the BIOME-BGC (for BioGeoChemistry) ecosystem model to simulate carbon and water 
fluxes for 12 sites distributed across the eastern U.S. (Table 1). BIOME-BGC, with recent 
modifications by Thornton (1998), has been extensively documented and validated elsewhere 
(Hunt et al., 1996; Kimball et al., 1997a; Running, 1994; Running and Coughlan, 1988; Running 
and Gower, 1991; Running and Hunt, 1993) and will not be described here.
Table 1. Site descriptions.
Site Lat Long Elev T ann PPT Bad Years"
Burlington, VT 44.47 -73.15 80 6.9 84.0
Portland, ME 43.65 -70.32 15 7.5 108.6 ----
Albany, NY 42.75 -73.80 44 8.9 87.5 28
Blue Hill, MA 42.22 -71.12 194 9.1 119.1 02,07,56
Ann Arbor, MI 42.30 -83.72 277 9.4 78.5 50,54,55,61,65
Wooster, OH 40.78 -81.93 301 9.7 93.8 66
Monmouth, IL 40.90 -90.63 233 10.6 91.5 —
New Brunswick, NJ 40.47 -74.43 25 11.4 113.6 05,08
Washington, IN 38.67 -87.18 156 13.0 108.9 00,63,64,78,85
Rogers ville, TN 36.42 -82.98 367 13.9 112.8 18,34,44,45,49,62,68,72
Monroe, NC 34.97 -80.50 178 15.9 117.0 40,54
Charleston, SC
a #___ _ ,___  ____* ^
32.78 -79.93 5 19.0 113.5 —
BIOME-BGC requires daily meteorology files as inputs. I obtained daily meteorological 
records consisting o f maximum temperature, minimum temperature, and precipitation from the 
National Climatic Data Center’s Historical Climatology Network (HCN). The daily HCN consists
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of the 138 U.S. weather stations selected based on the following criteria, in order of importance:
1) consistent time of observation, 2) minimal heat island bias, and 3) high quality records (as 
defined by Karl et al., 1990). In spite of the excellent quality control used in station selection, 
there are inevitably missing data, and in some cases, many months of missing data. From the 138 
stations, I selected the 12 longest and most complete eastern U.S. stations (Table 1) and used 
Daymet (Thornton et al., 1997), a daily meteorological interpolator, to fill in missing station data 
with data from neighboring stations. I used records from 1900-1987 and removed years with 
more than 25 missing days from analysis (Table 1).
BIOME-BGC calculates annual dates of the onset and offset of greenness using the 
deciduous broadleaf forest phenology model of White et al. (1997b). The phenology model is 
based on meteorological predictions of satellite-observed dates o f onset and offset and should be 
considered as an aggregate ecosystem-level phenology incorporating both the understory and 
overstory. The model predicts the onset of greenness with a combined thermal and radiation 
summation and the offset of greenness with a thermally adjusted photoperiod trigger. Most 
variability in total GSL is caused by temperature-induced variation in dates of spring growth.
Both onset and offset are timed to occur at 50% of maximum ecosystem-level greenness. Foliage 
is grown or dropped over a predefined time period, set here as 21 days. Onset and offset occur 
during the middle of the foliage growth or drop period. Optionally, BIOME-BGC can be set to 
use mean dates of onset and offset for every year of the simulation.
From among the many variables simulated by BIOME-BGC, I selected total gross 
primary production (GPP), net ecosystem production (NEP), and évapotranspiration (ET). GPP is 
total carbon assimilation; NEP is GPP - the sum of autotrophic and heterotrophic respiration; and 
ET is the total of canopy evaporation, soil evaporation, sublimation, and transpiration.
For each station, I completed two simulations, each initialized with one complete run of 
the 88-year meteorology file. First, I conducted simulations with onset and offset set as their 88- 
year means; variability here is controlled by climatic variability alone and results are termed static
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GSL. Second, I conducted a simulation with the annually predicted dates of onset and offset; 
climate and growing season variability control variability here and results are termed dynamic 
GSL. I then analyzed the relative differences between the dynamic and static GSL results within 
individual stations and tested for climatic relationships across sites.
Results
Growing Season Dynamics and Ciimatic Reiationships
Figure 1 shows GSL for all 12 stations. All stations demonstrated extensive GSL interannual 
variability. Rapid year-to-year GSL changes of more than 15 days occurred in all stations. The 
five-year smoothed curve shows that long-term GSL variation was also common. Decadal trends 
in GSL, as seen in the two-week GSL increase in Monroe, NC (Fig. IK) from 1900-1920, were 
common. Sites in different climates exhibited divergent trends in GSL dynamics. For example, 
the three coldest sites (Figs. lA, IB, and 1C) experienced a general lengthening of GSL while the 
three warmest sites (Figs. IJ, IK, and IL) experienced a general decrease in GSL from a series of 
long GSL years in the mid 1940s-early 1950s.
When grouped into warm, moderate, and cool climatic zones (sorted by mean annual 
temperature, four sites per zone), GSL still exhibited considerable variability (Fig. 2). Warm and 
moderate zones showed a general trend toward longer GSL from 19CX)-1940s. All zones had a 
peak GSL in the mid-1940s. Since 1966, the cold zone trended toward longer GSL while the 
warm and moderate zones did not. Mean GSL over the 88-year period was strongly correlated 
with site mean annual temperature ( T ann . Fig. 3). A one-degree increase in T ann  was associated 
with about a five-day increase in GSL. There were no systematic trends in the standard deviations 
of either temperature or GSL. Within sites, a one-degree change in T ann  caused an approximate 
four-six day change in GSL (Table 2). For a hypothetical two-week change in GSL, the percent 
changes in GSL decreased from a high of 9.4% in Maine to a low of 6.6% in SC (Table 2).
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Figure 1. Growing season length (GSL, days) interannual variability for 1900-1987. Lines 
are: annual GSL (solid), GSL smoothed with a five-year filter (dotted), and site mean GSL 
(heavy solid). Y axis for all plots is ±15 days from mean GSL. (A) Burlington, VT; (B) 
Portland, ME; (C) Albany, NY; (D) Blue Hill, MA; (E) Ann Arbor, MI; (F) Wooster, OH; 
(G) Monmouth, EL; (H) New Brunswick, NJ; (I) Washington, IN; (J) Rogersville, TN; (K) 
Monroe, NC; (L) Charleston, SC.
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Figure 2. Growing season length (GSL, days) for warm (solid line), moderate (dashed line), 
and cool (dotted dashed line) climatic zones. Each zone consists of four stations. Horizontal 
lines show mean GSL for each zone.
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Figure 3. Mean growing season length (GSL, days) vs. mean annual temperature (°C). 
Error bars are ± one standard deviation.
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Daily Dynamics
Figure 4 shows the effects of incorporating the dynamic GSL on daily NEP, GPP, and water 
fluxes. Sites presented are the coldest (Burlington, VT, top panels) and warmest (Charleston, SC, 
bottom panels) in the dataset. In the years shown, the growing season was 18 days longer than the 
mean for Burlington and 10 days longer than the mean for Charleston. The running summations 
of the differences between the dynamic and static GSL results at these two sites illustrate the 
general patterns found across all stations.
Leaf growth in the dynamic GSL simulation was accompanied by large growth 
respiration costs, leading to the initial downward trend of the NEP curves. Once static GSL leaf 
expansion and growth respiration began, dynamic GSL leaf expansion was nearing completion 
and production had exceeded respiration costs. Thus, the difference became positive and the NEP 
curve began to trend upward. Dynamic GSL NEP continued to exceed static GSL NEP until leaf 
expansion was completed in the static GSL runs. Note that for Charleston, the slope of the curve 
increased as soon as the dynamic GSL ceased expansion (no further leaf growth respiration).
Both sites showed similar sigmoidal GPP curves. Initially, dynamic GSL GPP 
accumulated with no static GSL GPP. Once the static GSL leaf expansion began, an inflection 
point in the curve occurred. Thereafter, the slope of the curve decreased until both simulations 
had completed leaf expansion and the slope reached zero.
Water variables responded such that ordinal relationships between variables cannot be 
predicted. In both sites, the earlier onset of spring caused a decrease in soil evaporation but an 
increase in canopy evaporation, transpiration, and ET. In Burlington, the large decrease in soil 
evaporation caused by the early spring was greater than the corresponding increase in 
transpiration; thus the net increase in ET was less than the increase in canopy evaporation. 
Conversely, the decrease in soil evaporation in Charleston was relatively minor and the
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Figure 4. Results for an early spring in Burlington, VT (1945, top panels) and Charleston, 
SC (1974, bottom panels). Lines show the running summation of (dynamic GSL • static 
GSL) simulations of carbon and water. Dark shaded areas show days with leaf expansion in 
only the dynamic GSL simulation. Horizontal lines show days with leaf expansion in both 
the dynamic and static GSL simuiations. Light shaded areas show days with leaf expansion 
in only the static GSL simulation. Panels are: net ecosystem production Qeft panels, kg * m 
)̂; gross primary production (center panels, kg • m^); and water variables (right panels, 
mm) as follows: canopy evaporation (solid line), transpiration (dashed-dotted line), soil 
evaporation (dashed line), and évapotranspiration (dotted line).
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net ET increase was greater than the increase in canopy evaporation. In years when the GSL was 
shorter than the mean GSL, the patterns shown in Fig. 4  were reversed and NEP, GPP, and ET 
were lower in the dynamic GSL runs than in the static GSL runs.
Annual Dynamics
The daily dynamics shown in Fig. 4 translated into the annual dynamics shown in Fig. 5. When 
plotted over the entire 88-year record, the slopes of the relationship between the GSL difference 
from mean vs. the percent difference in predicted values were positive for NEP, GPP, and ET for 
both Burlington and Charleston. The slopes were ordered as: NEP > GPP > ET. Three other 
patterns emerged: I) the scatter was greatest for NEP; 2) the Burlington slopes were higher than 
the Charleston slopes, and 3) the differences between the slopes declined from NEP to GPP to 
ET.
Table 2 shows that the patterns presented for the climatic extremes in Figs. 4 and 5 were 
consistent across all sites. NEP mean absolute percent difference (MD) was roughly two-three 
times larger than GPP MD while ET MD was only about one percent. Single-sample t-tests 
showed that MDs were significant for all sites and all variables (P < 0.001). Standard deviations 
were only slightly less than MDs. Slopes were approximately 1.6 (NEP), 0.53 (GPP), and 0.24 
(ET). Correlation was highest for GPP (0.96) followed by ET (0.94) and NEP (0.87).
Climatic Controls
Even though there was a slight trend toward warmer sites being more responsive to variation in 
Tann than cold sites, the relationship was primarily influenced by the two warmest sites (Table 3). 
However, Table 3 does show that in general, as Tann increased, the slopes for the NEP, GPP, and 
ET relationships in Table 2 decreased. Slopes were highly significant for NEP and GPP but not 
for ET. The slope and intercept of the NEP equation significantly exceeded those of the GPP 
equation.
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Figure 5. Scatter plots of growing season length (GSL, difference from mean (days)) vs. the 
percent difference between the dynamic and static GSL simulations. GSL > 0 indicates a 
longer than usual GSL; percent difference > 0 indicates that the dynamic GSL simulation 
had a higher prediction than the static GSL simulation. Data are 1900-1987 for Burlington, 
VT (open triangles) and Charleston, SC (filled circles). NEP, left panel; GPP, center panel; 
and ET, right panel.
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Table 3. Regression analysis of the relationship between temperature and slope. Shown is the 
equation predicting the slope of the relationship, the correlation coefficient of the relationship (r^) 
and the significance level of the equation (P).
Equation 7 P
NEP 6 = 2.08 + -0.043(Tann“) 0.69 <0.001
GPP 6 = 0.70 + -0.015(Tann) 0.88 <0.001
ET 6 = 0.26-i--0.002(Tann) 0.11 0.290
 ̂b is the slope of the relationship between changes in GSL and the % difference between dynamic and
® T a n n  is Mean Annual Temperature (°C) 
static GSL runs.
Discussion
The GSL trends shown in Figs. 1 and 2 suggest that the seven-eight day GSL increase found by 
Keeling et al. (1996) and Myneni et al. (1997) is neither unusual nor necessarily a sign of 
permanent climate change. Even when grouped into four-station climatic zones, GSL variability 
was still rapid and large. Ten-day GSL decreases were observed in one-two decades while 
increases of the same magnitude occurred in only four-six years. While it is not possible to state 
that the recently observed GSL changes are not the result of systematic climate change (Myneni 
et al., 1997), GSL variation of similar or larger magnitude appears to have occurred on a regular 
basis throughout the 20* century.
However, Fig. 2 (A-D) does show that growing season length has recently lengthened in 
the cool zone (farther north) without corresponding increases in the southern sites. It is also 
possible that if results had included more sites representing a wider climatic range, historical 
variability would have been less, making recent increases appear more dramatic.
While my goal in this research was not to quantitatively test BIOME-BGC predictions, 
the simulated data were in general agreement with reported values. Predicted 88-year mean NEPs 
(0.28-0.34 kg C • m‘̂  • y f ‘) were within eddy covariance measurements reported for cool (0.26, 
Goulden et al., 1996) and warm (0.53, Greco and Baldocchi, 1996) eastern U.S. deciduous 
forests. Over all sites, ET was 62% of annual precipitation, slightly below the range reported for 
lowland deciduous forests by Larcher (1995). NEP averaged 13% of GPP, lower than the 22%
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reported in Goulden et al. (1996). However, the ecosystem in that study was heavily disturbed in 
1938; the simulations here are effectively for an undisturbed 100+ year-old stand. Since NEP 
declines with stand age and increasing respiration costs, the observed differences were expected.
The relative influence of a dynamic GSL on NEP, GPP, and ET varied considerably. On 
a percent basis, NEP was consistently more affected by GSL variability than was GPP, even 
though the differences between dynamic and static GSL were larger for GPP (Fig. 4). Since the 
annual GPP was so much larger than annual NEP, even fairly large absolute differences between 
dynamic and static GSL GPP translated into only relatively small percent differences (Table 2).
In comparison to NEP and GPP, ET was only slightly affected by incorporating a 
dynamic GSL (Fig. 5 and Table 2). Two factors explain this difference. First, with changes in 
GSL, soil evaporation acted in opposite direction to transpiration and canopy evaporation. For 
example, an early spring increased canopy interception of both radiation and precipitation, 
canopy evaporation, and leaf transpiration, leading to reduced throughflow, soil water, and soil 
evaporation. Second, the majority of ET occurred during the mid-growing season. Therefore, the 
differences in total ET during the spring translated to only a minor portion of the annual total. In 
climates with a severe summer water limitation, incorporation of a dynamic GSL could produce 
dramatically larger percent ET differences.
The influence of site climate also varied between NEP, GPP, and ET, with the largest 
effect again found for NEP (Table 3). In general, even though Tann variability had about the same 
affect on all climates (excluding NC and SC), a given change in GSL was a large (small) percent 
difference in cold (warm) sites (Tables 2 and 3). Thus, there were larger carbon and water balance 
responses in cold sites than in warm sites. While this was true for all variables, the slope of the 
relationship was significant only for NEP and GPP. As shown in Fig. 5, cold and warm sites 
experienced increased NEP and GPP from an early spring, but increases in NEP were 
comparatively much larger for cold sites. Consider a two-week increase in GSL for a 5°C site vs.
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a  20°C site. The cold site NEP increase would be about 9% greater than the warm site increase. 
For GPP, the difference would be only 3%. Differences in ET would be insignificant.
In their five-year study showing the high correlation between dates of spring growth and 
annual NEP, Goulden et al. (1996) showed similar NEP vs. GPP responsiveness. Maximum NEP 
was 57% higher than the minimum NEP (using the corrected value of 0.33 for 1993), but for the 
same years, GPP was only 9% higher. These field-measured results support my results: NEP is 
much more strongly affected by GSL variability than is GPP.
The recently observed trend toward longer GSL in colder climates combined with NEP 
sensitivity to GSL variation provides a possible mechanism by which the postulated northern 
latitude carbon sequestration (Fan et al., 1998; Fung et al., 1997; Randerson et al., 1997; Tans et 
al., 1990) could be occurring. Future work should focus on: 1) extending climate records to recent 
years and more northern sites; 2) developing phonological models to regulate GSL in the boreal 
forest and tundra; and 3) conducting geographically distributed simulations.
Conclusions
I suggest that incorporation of a dynamic GSL into ecosystem models, as opposed to using static 
GSL and relying on climate alone to influence carbon assimilation and évapotranspiration, may 
be either highly advantageous or unnecessary. The ultimate determinant is the research goal. The 
following suggestions should be considered only for temperate deciduous forest; results in other 
biomes/climates could be dramatically different.
For simulations predicting long-term totals of NEP, GPP, or ET, the differences induced 
by long and short growing seasons will balance out over time and the net difference between 
dynamic and static GSL simulations will be negligible. Additionally, hydrologie research 
focusing on short or long-term climate variability impacts on ET could probably ignore GSL 
variation without introducing large errors.
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Dynamic GSL simulation should be beneficial for most other applications. Simulations 
attempting to investigate future long-term climate warming effects on the carbon cycle should 
clearly use a dynamic, climatically controlled GSL. Simulations assessing the shorter-term 
influence of interannual climatic variability should also benefit from dynamic GSL regulation. 
Work testing regional differences in NEP or GPP caused by climate change would benefit from 
the demonstrated climatic variability in GSL impacts. Single-year, daily simulations should 
definitely predict accurate growing season dates; failure to do so will almost certainly lead to 
significant errors, especially in springtime.
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CHAPTER 3
MEASURING FRACTIONAL COVER AND LEAF AREA 
INDEX IN ARID ECOSYSTEMS: DIGITAL CAMERA, 
RADIATION TRANSMITTANCE, AND LASER 
ALTIMETRY METHODS
Abstract
Field measurement of shrubland vegetation structure and seasonality is important for both site 
monitoring and validation of remote sensing information. During the May 1997 NASA EOS 
Prototype Validation Exercise (PROVE), I calculated plot-level plant area index, leaf area index, 
total fractional cover, and green fractional cover with data from four instruments: 1) a Dycam 
Agricultural Digital Camera (ADC), 2) a LI-COR LAI-2000 plant canopy analyzer, 3) a Decagon 
sunfleck Ceptometer, and 4) a laser altimeter. Estimates from the LAI-2(X)0 and Ceptometer were 
very similar (plant area index 0.3, leaf area index 0.22, total fractional cover 0.19, green 
fractional cover 0.14) while the ADC produced values 5-10% higher. Laser altimeter values, 
depending on the height cutoff used to establish total fractional cover, were either higher or lower 
than the other instruments’ values: a 10cm cutoff produced values -  80% higher while a 20 cm 
cutoff produced values -30%  lower. The LAI-20()0 and Ceptometer are designed to operate in 
homogenous canopies, not the sparse and irregular vegetation found at Jornada. Thus, these 
instruments were primarily usefiil for relative within-site plant area index monitoring. Calculation 
o f some parameters required destructive sampling, a relatively slow and labor intensive activity 
that limits spatial and temporal applicability. Thus, validation/monitoring campaigns should be 
guided by consideration of the amount of time and resources required to obtain measurements of 
the desired variables. Results suggest that the ADC is both efficient and accurate for long-term or 
coarse-resolution monitoring of arid ecosystems.
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Introduction
Shrublands exist in hot, dry areas where high evaporative demand greatly exceeds unpredictable 
and sparse precipitation (Evenari, 1985). Although estimates vary widely (Townshend et al.,
1991), pure shrublands cover approximately nine percent of the earth’s vegetated surface (Waring 
and Running, 1998). Within the past century, many arid to semi-arid areas of the United States 
have experienced dramatic shrub increases, usually at the expense of native grasses (Smith et al., 
1997a). While some shrub expansion may be related to persistent drought (Herbel et al., 1972), 
evidence suggests that overgrazing and fire suppression are more important causes (Archer et al.. 
1995; Bryant et al., 1990; Grover and Musick, 1990). Such conversions can be detrimental to 
pastoral societies directly dependent on grassland extent and productivity. High shrub cover may 
also have beneficial effects, such as increasing runoff water for irrigation (Skarpe, 1990) or 
accelerating aquifer recharge (Leduc et ai., 1997). Thus, depending on local priorities, increased 
or decreased shrub populations may be desired. Regardless of the goal, accurate monitoring of 
shrubland extent and vigor is important for natural resource managers and for the people they 
serve.
Satellite remote sensing provides the only technically consistent and temporally regular 
means o f monitoring shrublands over large areas. In shrublands, remote sensing is hampered by a 
high proportion of bare soil, clump shadowing effects, and non-linear relationships between the 
measured signal and the areal extent and leaf density of shrubs (Huete et al., 1992). Since 
vegetation cover is always low in shrublands, site variation in soil reflectance can lead to 
unpredictable errors in the quantification of shrubland ecological properties (van Leeuwen and 
Huete, 1996). Field measurement of shrubland ecological properties is therefore often necessary 
to provide a context for the interpretation and quantification of satellite data. Although a wide 
variety of shrubland parameters are useful in specific applications, leaf area index (LAI) and 
fractional cover (F) are perhaps the most commonly used metrics.
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LAI is the one-sided foliage area per ground area (m‘ m’̂ ). Stem area index (SAI, m* m ") 
is the one-sided stem area per ground area, where “stem” includes dead leaves, branches, and 
stems. The sum of LAI and SAI is plant area index (PAI, m* m'^), the one-sided plant area per 
ground area. In this paper, the terms PAI, LAI, and SAI refer to mean plot-level values (including 
bare ground and vegetation) while the terms shrub PAI, shrub LAI, and shrub SAI refer to 
individual plants within the landscape. Total vegetation fractional cover (FT, dimensionless) is 
the areal proportion of the landscape occupied by green or non-green vegetation (= PAI / shrub 
PAI). Green vegetation fractional cover (FG, dimensionless) is the areal proportion of the 
landscape occupied by green vegetation (= LAI / shrub LAI). In these definitions of F, I assume 
that fractional cover within shrub perimeters is 1.
LAI, PAI, FG, and FT are each important for a different purpose. Many climate and 
ecosystem models are strongly influenced by LAI (Bonan, 1993; Chase et al., 1996) and thus rely 
on accurate estimates. LAI and PAI are critical for research investigating the impacts of shrub 
populations on the partitioning of precipitation into runoff and évapotranspiration. Plot structural 
parameters, such as FT, are important in radiative transfer models (Bégué, 1993). FT is also 
required for calculating satellite estimates of sensible heat flux (Ricotta and Avena, 1997). 
Satellite remote sensing can be used to estimate LAI (Asrar et al., 1984; Spanner et al., 1990) and 
F (Duncan et al., 1993; Dymond et al., 1992; Pickup et al., 1993) through correlations with the 
normalized difference vegetation index (NDVI) or other spectral indices.
Consequently, ground estimates of shrubland ecological properties are important both for 
validation of satellite remote sensing data and for long-term monitoring of site conditions. A wide 
variety of techniques are available for obtaining these estimates. Instruments that measure 
radiation transmittance, including the LI-COR LAI-20(X) Plant Canopy Analyzer (LI-COR Inc., 
Lincoln NE) and the Decagon Sunfleck Ceptometer quantum line sensor (Decagon Devices, Inc., 
Pullman WA), may be used to calculate PAI and/or shrub PAI. Ideally, transmittance instruments 
would measure LAL the more ecologically relevant variable, but it is often difficult to separate
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green leaf from non-green leaf vegetation. Many researchers have established empirical 
corrections to calculate LAI from recorded PAI values (Chen, 1996; Deblonde et al., 1994; 
Fassnacht et al., 1994; Gower and Norman, 1991). The consensus from these and other studies is 
that while transmittance methods can give consistent relative measurements at a given site, 
quantitatively accurate measurements require site-specific corrections. Digital cameras, to a lesser 
extent, have been used to measure LAI. For example. Law (1994) measured LAI in artificially 
constructed shrub canopies, and Baker (1996) measured LAI in Pseudotsuga menziesii trees.
The Prototype Validation Exercise (PROVE) campaign, an activity of the NASA Earth 
Observing System TERRA validation program, is one of a series of field research projects 
designed to thoroughly, yet rapidly and economically, characterize site surface and atmospheric 
conditions. PROVE’s goal is to provide field context for and validation of airborne and satellite 
data in a consistent fashion over a network of global validation test sites. To date, PROVE 
campaigns have been conducted in desert shrubland and moist temperate ecosystems. I 
participated in the May 1997 PROVE campaign conducted at the Jornada Long-Term Ecological 
Research. Jornada was chosen for its abundance of ancillary datasets useful for many PROVE 
participants. My primary goal was to estimate plot-level LAL PAI, FG, and FT from in situ field 
data. My secondary goal was to investigate a digital camera’s capability to measure ecologically 
relevant variables and to assess the camera’s field reliability and ease o f use. In this paper, I 
conduct an i7ntercomparison of results and recommend the easiest and most reliable techniques 
for future field research seeking to measure the same variables in similar environments.
Methods 
Site Description
The Jornada Long-Term Ecological Research site is located in the northern Chihuahuan desert 
northeast of Las Cruces, NM (32.5°N, 106.8“W). Mean annual temperature is 16°C and mean
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annual precipitation is 21 cm with 52% percent falling between July and September (Schlesinger 
et al., 1990). In the late 19'*’ century, grass cover was extensive. Since then, shrub canopy cover 
has increased while grass cover has decreased, possibly as the result o f fire suppression and 
grazing (Buffington and Herbel, 1985; Schlesinger et al., 1990). The transitional site, where I 
conducted the research, is centered on a 26 m tower that was instrumented with meteorological 
sensors and a  Cimel sunphotometer. The site is characterized by an open shrub canopy dominated 
by mesquite {Prosopis grandulosa). Mormon Tea {Ephedra aspera), and Yucca {Yucca Glauca). 
Mesquite is by far the dominant species, comprising approximately 70% of the canopy cover, 
with Ephedra (20%) and Yucca {\Q%) making up smaller portions of the landscape. Forb and 
grass species exist in small numbers.
Sampling
Sampling at the Jornada transitional site on May 22-24, 1997 included the five following 
approaches; 1) digital imagery with an Agricultural Digital Camera (ADC), 2) radiation 
transmittance with an LAI-2000 Plant Canopy Analyzer, 3) radiation transmittance with a 
Ceptometer quantum line sensor, 4) ecosystem height variation with airborne laser altimetry, and 
5) destructive sampling with an LI-3000 leaf area meter and photographic analysis. Sampling 
design was as follows: the ADC, LAI-2000, and Ceptometer at 5 m intervals along 100 m 
transects extending east, south, and west from the central tower; the LAI-2000 at individual 
component shrubs within the landscape; the ADC from a cherry picker 25 m above the surface; 
laser altimetry along four aerial transects at the tower site; and destructive sampling of single 
shrubs representative of the dominant species. In the next sections, I describe the use o f each 
instrument and its range of application in the study.
To avoid future confusion, I first present a description of variable naming convention. 
This paper contains an inevitably large number of variables; a complete variable list is presented 
in Appendix A. In general, the naming convention is as follows. When preceded by “shrub”.
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variables refer to measurements made on individual shrubs; if not, variables refer to mean values 
from the transects or from the cherry picker. Subscripts are used to identify the instrument:
“2000” for the LAI-2000; “cept” for the Ceptometer, “ADC” for the Agricultural Digital Camera; 
“laser” for laser altimetry; and “dest” for destructive sampling. In cases where one instrument 
was used for multiple purposes, superscripts are used to specify what was measured: “dest” refers 
to measurements of the destructively sampled shrubs; “component” refers to measurements of 
component shrubs throughout the landscape; and “mean” refers to species-weighted mean values 
compiled from component shrub data. Thus, shrub PAI^""™ is an LAI-2000 plant area index 
measurement of a component shrub and shrub PAI]!  ̂is a Ceptometer plant area measurement of a 
destructively sampled shrub.
Agricultural Digital Camera (ADC)
I calculated FG from the ratio of red (R) to near-infrared (NIR) brighmess as recorded in digital 
numbers by an Agricultural Digital Camera (ADC, Dycam Inc., Chatsworth California). The 
ADC records images of dimension 496 x 365 pixels using an 8.5 mm lens and an 8.5 mm focal 
length. Brighmess values are measured with a charge-coupled device (CCD) consisting of a color 
filter array sensitive to R and NIR wavelengths. The color filter array records radiation from 0.6 
pm  to 1.05 pm with 80% of the recorded value determined by radiation between 0.615 pm  and 
0.985 pm  (S. Heinold, Dycam Inc., personal communication). Adjacent color filter array 
elements respond to different wavelengths: R between 0.6-0.75 pm  and NIR between 0.75-1.05 
pm. A Wratten 29 red filter is used to block radiation below 0.6 pm. The full CCD has an angular 
field-of-view of 31.5° x 24.25°. At a distance of one meter, this equals an image size of 565 x 429 
mm. Ideal conditions for ADC operation are constant radiation environments with view zenith 
angles close to 0°. Since images taken from nadir with a solar zenith angle less than 1/2 the field 
of view in the larger ADC dimension can produce hot spot effects, operation should be conducted 
with solar zenith angles o f at least 15°.
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For ground transect sampling, the ADC was mounted on a horizontal pipe attached to a 
ladder such that the ADC was 280 cm above the ground. Image area at this height was 160 x 120 
cm. I used a portable computer to release the shutter. I moved the apparatus to each 5 m interval 
and completed each transect in about 20-25 minutes under bright, sunny conditions between 
12:30 p.m. and 3:00 p.m. on May 23 (15° < solar zenith angles < 29°). Additionally, I imaged 
the site from a cherry picker positioned roughly 20 m southwest of the tower on May 22 at 1:00 
p.m. under bright, sunny conditions. I took 10 images in a circular pattern around the cherry 
picker basket at a height of 25 m (from approximately nadir angles), yielding images with a 14 x 
11 m ground resolution.
While it was possible to calculate continuous vegetation indices with the ADC, NIR 
saturation in vegetated pixels reduced the dynamic range of this approach. Thus, a binary variable 
such as bright vs. dark was preferable to a continuous measure. FG was easily extracted from the 
ADC and met this criterion.
To calculate FGadc. I used the soil segmentation utility (Steve Heinold, Dycam Inc., 
Chatsworth California). The program is a supervised classification. For each image, the user 
selects a training area of bare soil from which the soil segmentation utility calculates a soil ratio 
as the ratio of R to NIR brightness. Since bare soil usually has R brightness only slightly less than 
NIR brighmess, the soil ratio is less than one, typically between 0.6 and 0.9 for Jornada soils. A 
threshold value is set as 99.5% of the soil ratio. Green vegetation, characterized by low R and 
high NIR brighmess, will have a R:NIR ratio less than that of bare soil. The soil segmentation 
utility estimates FG as the percent of vegetated pixels below the 99.5% threshold. If the NIR 
response range had been greater, NIR values in otherwise saturated pixels would have been 
higher, leading to lower R:NIR ratios. Vegetated pixels at saturation were therefore not classified 
as soil. Use of FG, which is calibrated internally for each image using the soil ratio, obviates the 
absolute image calibration required for between scene comparison of NDVI or other vegetation 
indices.
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Testing at Jornada showed that selection of different bare soil areas within one image 
resulted in soil ratio values varying by up to 35%. If an aberrantly high soil ratio were chosen, 
some bare soil would be classified as vegetation. Alternatively, selection o f a low soil ratio would 
cause some vegetation to be classified as soil. To address this difficulty, I calculated the image 
soil ratio as the mean of five rectangular bare soil areas (approximately 50 x 30 pixels) within 
each image, one from each comer and one from the center. If most of the scene was vegetated, I 
still used five soil ratio values, but was forced to shift the location of individual samples within 
the scene. With this method, I calculated FGadc fo r  1) individual ground images, 2) east, south, 
and west transects as the mean of the 20 component images per transect, 3) the plot as the mean 
of the three transects, and 4) individual and mean cherry picker images.
Figure 1 shows an example of the soil segmentation method for ground and cherry picker 
images. The left panels show an unprocessed (top) and processed (bottom) ground image mostly 
occupied by a single large shrub. Right panels show the same sequence but for a cherry picker 
image including numerous shrubs. In the bottom panels, areas classified as soil are black while 
areas classified as green retain the appearance of the unprocessed images.
LAI-2000
The LI-COR LAI-2(XX) (LI-COR, Lincoln Nebraska) integrates radiation transmittance through 
the canopy at 0.32-0.49 pm at five different view zenith angles (0-7°, 16-28°, 32-43°, 47-58°, 61- 
74°) to calculate PAIaooo- See Welles and Norman (1991) for a discussion of the theoretical 
details. Together with other researchers, I measured PAIax» along the ground transects at twilight 
on May 23 under diffuse radiation conditions. To minimize the influence of canopy gaps and 
subsequent PAI2000 underestimation (LI-COR, 1992), we used a 45° view cap. After one above­
canopy measurement, we sampled five intervals along the transect with the sensor pointed in the 
transect direction. We repeated this cycle for each transect with each transect requiring
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Unprocessed
Ground
Processed
Ground
Unprocessed 
Cherry Picker
Processed 
Cherry Picker
Figure 1. Application of the soil segmentation utility to ground and cherry picker images. 
Left panels show a sample unprocessed (top) and processed (bottom) ground transect image 
(280 cm height, 160 cm x 120 cm resolution, FG=0.77). Right panels show a sample 
unprocessed (top) and processed (bottom) cherry picker image (25 m height, 14 m x 11m 
resolution, FG=0.14). Areas classified as soil appear as black while vegetated areas appear 
as in the unprocessed image.
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approximately 10 minutes. Besides yielding PAI2000, the data files from the LAI-2000, when used 
with the C2000 analysis package (LI-COR, Lincoln Nebraska), can also be used to calculate the 
Beer’s law extinction coefficient (k) for each of the five view angles as the fraction of foliage per 
unit LAI oriented toward the direction of incoming sky radiation. For each transect, I calculated 
the mean PAI2000 from the 20 points per transect and plot-level PAI2000 as the mean of the three 
transects. We also sampled shnib P A I% ^  for Prosopis (n=45). Ephedra (n=2), and Yucca (n=3) 
under diffuse radiation conditions at dawn or twilight. At each shrub, we took one above-canopy 
measurement and one measurement from each cardinal direction.
Ceptometer
The Ceptometer integrates instantaneous fluxes of photosynthetically active radiation (PAR, 400- 
700 nm) along a wand consisting of 80 1 cm" sensors. PAIcept rnay be calculated based on
methods described by Pierce and Running ( 1988) using the unitless ratio of below-canopy PAR
(Qi) to above-canopy PAR (Qo), the extinction coefficient (k), and the Beer-Lambert law;
1) PAIeep. = - l n ( Q i / Q o ) / k
I derived k in two ways. First, I used the k value from the LAI-2000 7° ring, as calculated 
with the C2000 program. Second, following Pierce and Running (1988) I estimated k by inverting 
equation 1 and using PAI2000:
2) k =  - ln (Q i /Q o ) /P A l2 o o o
I measured Q/Qo along the ground transects on May 22 within one hour of solar noon in 
bright, sunny conditions. At each point, I took one above-canopy measurement, two below- 
canopy measurements along the transect, two below-canopy measurements perpendicular to the 
transect, and a final above-canopy measurement. Each transect required approximately 15-20 
minutes. I calculated mean transect and mean plot PALq* as for PAI2000.
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Destructive sampling
Other PROVE participants destructively measured LALjat for one representative shrub each of 
Prosopis, Ephedra, and Yucca. To do so, they manually harvested all green leaf material from the 
shrubs and measured their one-sided LAIdat with a LI-COR LI-3000 leaf area meter (LI-COR, 
Lincoln Nebraska). SAIdest was calculated from photographs of the woody material remaining 
after leaf harvest. The sum of SALjest and LAIdejt is equal to PAIda,. Prior to harvest, 
shrub PAI% and shrub PAl^  was measured for the three destructively sampled individuals, once at
dawn and once at dusk (n=8 for both sets of measurements except for Yucca shrub PA I^ where
n=6).
Laser altimetry
Laser altimetry can be used to establish height variation along linear transects. FT is equal to the 
number of laser return signals greater than a specified height divided by the total number of 
signals. The method is well established and is described elsewhere (Ritchie et al., 1992; Weltz et 
al., 1994). Using pulsed galium arside laser altimetry data taken from small aircraft along four 
300 m transects at the transitional site, two east-west and two north-south, J. Ritchie provided 
estimates of FT calculated from 10,20, 30, and 40 cm height thresholds (personal 
communication). Each transect was composed of 16,384 individual points with a six cm vertical 
precision. At 30 or 40 cm cutoff, numerous small shrubs would have been eliminated. Thus, I 
used both 10 and 20 cm cutoffs to calculate FTuuer-
Intercomparison
Table 1 shows a suirunary o f input data. PAI, shrub PAI, shrub LAL shrub SAL and FG were 
directly measured. I obtained estimates of FT from laser measurements. It was then possible to 
estimate the full suite of variables (PAL LAI, FG, and FT) for each instrument (see Table 2 for 
equations). Initially, two intermediate variables had to be calculated. First, the weighted
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Table 1. Experimental design. LAI = leaf area index; PAI = plant area index; FG = green fractional 
cover; FT = total fractional cover; SAI = stem area index; ADC = agricultural digital camera. 
Component shrubs refer to individual shrubs sampled throughout the stand with the LAI-2000. 
Destructive shruhs refer to individual shrubs that were sampled first by the LAI-2000 and 
Ceptometer and then by destructive methods.
LAI-2000 Ceptometer ADC LAI 3000/ 
stem
photography
Laser
Altimetry
Transects PAI PAI FG — —
Cherry Picker — — FG — —
Aircraft Transects — — — — FT
Component Shrubs shrub PAI — — — —
Destructive Shrubs shrub PAI shrub PAI shrub LAI 
shrub SAI
ratio of total vegetation to green vegetation (T:G) was calculated as:
3)
shrub PAIjesti 
T:G=-i=2----------------------
%Wi shrub LAIjesti
1=0
where Wt is the canopy % dominance, assumed to be 70% for Prosopis, 20% for Ephedra, and
10% for Yucca. I assumed that T:G was constant for the entire transitional site.
Second, the species-weighted, mean shrub PAI over the entire plot was required for
calculation of several parameters. Several alternatives existed. Mean shrub PAI could have been
set to the species-weighted shrub PAI%™", but this would have assumed that using LAI-2000
data in equations based on other instruments was appropriate. In reality, this hybrid method might
have translated errors created by unavoidable violation of LAI-2000 assumptions (see below) to
Table 2. Intercomparison scheme. PAI = plant area index; LAI = leaf area index; FT = total 
fractional cover; FG = green fractional cover; T:G = ratio of total vegetation to green vegetation.. 
Variables were either measured or derived. Numbers represent order in which variables were 
calculated.
LAI-2000 and 
Ceptometer
ADC Laser Altimetry
PAI measured (2) FT • shrub PAI“ (2) FT • shrub PAI%
LAI (i)PA I/T :G (3)PAI/T:G (3)PAI/T:G
FT (2) PAI / shrub PAI% (1)FG*T:G measured
FG (3)FT/T:G measured (1)FT/T:G
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equations based on other instruments. Mean shrub PAI could also have been calculated by 
assuming that shrub PAIdest was valid for the entire site. However, shrub PAIdat was based on 
only three data points. Neither method was entirely satisfactory. Given the available data, I 
adopted an alternative method capitalizing on the large number of individual 
shrub PAI%"™ values and the physical rigor of the destructive measurements. I assumed that
differences between shrub PA I" and shrub PAIdesi were caused by violation of LAI-2000
assumptions. I then calculated the ratio of shrub P A I^ to  shrub PALa, (L:D). Both dawn and
dusk shrub P A I" data were used, resulting in two L:D values for each species. I then corrected
all shrub PA I% °" values for each species using both L:D values and calculated the mean, species-
weighted, shrub PAI; shrub P A I"  .
Results and Discussion
At the Jornada site, the ADC, LAI-2000, Ceptometer, and laser altimetry were used to produce 
estimates of PAI, LAI, FT, and FG. However, no one instrument was universally well suited for 
measuring every parameter. In reality, each instrument measured only one variable; the remainder 
were calculated with conversion factors which were themselves subject to uncertainties. In the 
following sections, I present and discuss results for each instrument and discuss the most 
appropriate tools for shrubland monitoring.
ADC
The ADC produced consistent measurements of both the soil ratio and FG. Table 3 shows that the 
ADC soil ratio values used to calculate F G a d c  from both the transects and the cherry picker were 
essentially identical. Difference of mean tests showed that soil ratios were not significantly 
different within ground transects, between ground transects, within the cherry picker data, or 
between the ground and cherry picker data. Ground transect soil ratio coefficients of variation
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(CVs = standard deviation/mean) were around twice the cherry picker soil ratio CV. Since the 
images were not calibrated, I relied on the corrections for ambient radiation conditions inherent in 
individual image soil ratio calculations. Thus, despite the striking similarity in soil ratios, the 
mean value could not be used to calculate FGadc for all scenes.
Table 3. Measured variables. Soil ratio (red / near infra-red digital number); green fractional cover 
(FG); plant area index (PAI) from the LAI-2000 and Ceptometer; and total fractional cover from 
laser altimetry (FT). Values in parentheses are the coefficient of variation.
Soil
Ratio
FG LAI-2000
PAI
Ceptometer
PAI
laser FT 
> 10 cm
laser FT 
> 20 cm
East Transect 0.77 0.13 0.27 0.23 — —
(0.038) (1.14) (0.99) (1.28)
West Transect 0.77 0.20 0.41 0.33 — —
(0.030) (1.18) (1.09) (1.60)
South Transect 0.78 0.13 0.21 0.35 — —
(0.023) (1.20) (1.06) (1.21)
All Transects’ 0.77 0.15 0.30 0.30 0.35 0.14
(0.031) (1.21) (NA) (1.40) (0.062) (0.065)
Cherry Picker 0.77 0.18 — — — —
(0.017) (0.27)
* For laser FT, all transects refers to the mean of four 300 m aircraft transects at the transitional site (two 
east-west, two north south); for all other variables, all transects refers to the mean of the east, south, and 
west 100 m transects.
The ADC’s use of NIR information, as suggested by Law (1994) and implemented in the 
soil segmentation’s calculation of F G a d c . allowed for easy discrimination between soil (larger 
R:NIR ratio) and vegetation (smaller R:NIR ratio). Visual image analysis showed: 1) 
misclassification of dead vegetation as green material was minimal; 2) shadowed soil was 
correctly classified as soil; and 3) vegetation in deep shadow was classified as soil, leading to a 
possible underestimation of FG. However, due to limited self-shading in the sparse canopy and 
favorable illumination angles, misclassification of vegetation as soil was also minimal. Mean 
FGadc was 0.15 for the ground transects and 0.18 for the cherry picker (Table 3). Despite a factor 
of four difference in CVs between heights, F G a d c  was statistically indistinguishable between the 
cherry picker and ground transects.
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Radiation Transmittance Instruments
The ground transects’ PAIax» and PAUp, were both 0.30 (Table 3). In spite of the overall 
similarity, the ordinal relationships for the transects were not consistent: PAI20Q0 was highest in 
the west transect while PAIcq,, was highest in the south transect, near a transition to a grassier 
canopy. The range in PAI2000 was 0.2, while the range in PAIcqn was only 0.12. Additionally, both 
instruments unavoidably violated major instrument assumptions.
The LAI-2(KX) assumes: 1) foliage is black, i.e. does not transmit or reflect radiation, 2) 
foliage is randomly distributed, 3) foliage elements are small in comparison to view areas, and 4) 
foliage is azimuthally randomly oriented. Yucca, with a regular distribution of large, planar, stalk­
like leaves, violated the random foliage distribution assumption. Effectively inserting the LAI- 
2(KX) wand under the Yucca foliage elements was difficult. Further, the relatively massive size of 
the Yucca stalks violated the assumption that foliage elements are small compared to view areas. 
Ephedra, containing photosynthetic stalks instead of true leaves, has a clumped distribution that 
also violated the random foliage assumption. Prosopis, which is more representative of broadleaf 
plants, did not seriously violate any assumptions.
The L:D ratio provided a measure of the severity of the LAI-2(X)0’s violations. Not 
surprisingly, since Prosopis had the least violation, its L:D was closest to unity. Both Ephedra 
and Yucca had L:D values well above one. Violation of random foliage distribution is routine in 
many applications and in some cases does not seem to introduce large errors (Martens et al.,
1993) while in other cases, especially in highly clumped conifer vegetation, underestimation of 
PAI is common (Deblonde et al., 1994; Gower and Norman, 1991 ; Stenberg et al., 1994). Here, 
the L:D ratios indicated that shrub LAI-2000 PAI should be corrected.
The Ceptometer was not an ideal instrument for Jornada’s arid ecosystem. Major 
assumptions include: 1) spherical and random leaf inclination angle distribution, 2) random 
foliage distribution, and 3) a homogeneous media. Vegetation aggregation in sparsely distributed
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clumps violated the Beer’s law assumption of a homogeneous media. The Ceptometer’s major 
limitation was the requirement of an independent estimate of the Beer’s law extinction coefficient 
(k). Calculated from the LAI-2000 7° lens, k was 0.35; from equation 2 using PAIaooo as an 
independent PAI estimate, k was 0.36 (I used 0.35). Despite the consistent results, calculation of 
k with either method was subject to the LAI-2000’s assumptions, many of which were violated. 
Additionally, because I was measuring point transmittance in a highly irregular canopy, I was 
forced to use more samples than with the LAI-2000. Due to their unique canopy architecture.
Yucca and Ephedra again represented the worst assumption violations.
Ultimately, since both instruments produced similar results, selection of one over the 
other may be guided by experimental conditions. The Ceptometer should be used in bright sunny 
conditions around solar noon while the LAI-2000 functions best under diffuse radiation 
conditions (see Appendix B for discussion of instrument consistency and optimal times of 
observation). If working in a sunny environment, such as Jornada, there will be approximately 
two hours of useable time for the Ceptometer but only about 25-45 minutes for the LAI-2000, at 
dawn and dusk. In cloudy conditions, the LAI-2000 could be used throughout the day. At 
Jornada, though, consistently low CVs (Table 3) and an integrating transmittance-measuring 
technique requiring fewer measurements at each point made the LAI-2000 preferable to the 
Ceptometer.
Laser Altimetry
Laser altimetry data at the 10 cm cutoff produced high estimates, with FThu* exceeding PALqoo 
and PAIcep, (Table 3). However, the assignment of FThuer is entirely dependent on the height 
cutoff used. By using the 10 cm cutoff, and especially considering the six cm vertical precision of 
the sensor, I was almost certain to include landscape elements unrelated to live or dead vegetation 
(Weltz et al., 1994). At the 20 cm cutoff, most non-vegetation ground elements and small forbs 
and grasses were probably excluded, leaving only fairly large shrubs. The ADC, on the other
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hand, detected even very small foliage elements. FTtuerWas 0.35 with a 10 cm cutoff and 0.14 
with a 20 cm cutoff (Table 3). The CV was very low and very similar for both height cutoffs.
Destructive Sampiing
Up to now, I have considered the application and use of the instruments in reference to the single 
variable they actually measured. Calculation of the other variables relied on conversion factors 
related to destructive sampling. 1 assumed that the shrub LALtet and shrub SAI*» values were 
accurate. In reality, destructive sampling is notoriously difficult and inaccurate (e.g. Vertessy et 
al., 1995). For example, researchers were required to make subjective divisions between green 
and non-green portions of Yucca and Ephedra vegetation. I further assumed that T:G and L:D, 
although calculated from single shrubs, were applicable to the entire plot. The shrubs selected for 
destructive sampling, and the T:G and L:D ratios calculated from these shrubs, may not have 
been representative of plot-level patterns. Shrub P A I " , while based on LAI-2000 data, was 
considered to be a surrogate for a larger destructive sample (planned for future campaigns). 
However, as shown by Chen (1996), even a very large destructive sample can still yield 
inaccurate results.
Results from the destructive sampling and the calculation of T:G and shrub PAI% are 
presented in Table 4. Weighted T;G, primarily controlled by the Prosopis T:G of 1.22, was 1.36. 
Component shrub sampling ( shrub P A I% "  ) showed highest values for Prosopis {1.10), 
followed by Ephedra (1.34) and fucca (1.10). Correction for L:D slightly increased PAI for 
Prosopis (+15%) and reduced PAI for Ephedra (-38%) and Yucca (-36). This indicates that 
violation of the random foliage assumption in Ephedra and Yucca in this system tended to 
produce significantly inflated PAI measurements. Differences between shrub P A I"  and 
shrub P A I % "  for Prosopis were within the likely error of destructive sampling. Final 
shrub P A I"  was 1.60.
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Table 4. Calculation of the total vegetation to green vegetation ratio (T:G) and the mean plot-level 
shrub plant area index ( shrub P A I"  ). L:D Is the ratio of shrub PA I" to shrub FALiesti calculated 
from dawn and dusk FAIiooo data. Shrub P A I% "  shows mean LAI-2000 measurements from 
individual component shrubs throughout the plot Shrub P A I"  is shrub P A I% "  corrected for L:D. 
Data in parentheses are one standard deviation.
Prosopis
glandulosa
Ephedra
aspera
Yucca
Glauca
weighted
mean’
shrub LALto, 1.71 0.70 1.38 —
shrub SAIdeji 0.37 0.58 0.44 —
shrub PAIdesi 2.08 1.28 1.82 —
T:G 1.22 1.83 1.32 1.36
L:D dawn 0.90 1.67 1.73 —
L:D dusk 0.83 1.54 1.43 —
shrub P A I% " 1.70 (0.33) 1.34 (0.014) 1.10(0.51) —
shrub P A I" 1.95 (0.38) 0.83 (0.040) 0.70 (0.30) 1.60(0.27)
Yucca.
Intercomparison
Results from the intercomparison scheme outlined in Table 2 and calculated with the intermediate 
variables in Table 4 are shown in Figure 2. The basic relationship between variables is 
immediately apparent. Regardless of the instrument, values were highest for PAI, followed by 
LAI, FT, and FG. Within variables, relationships were also consistent. Values based on the LAI- 
2000 or Ceptometer were nearly identical. ADC-based data were slightly higher than the 
transmittance data, most likely because the ADC will detect low-lying grasses and forbs missed 
by both radiation transmittance methods. Laser altimetry variables at the 10 cm cutoff were by far 
the highest, nearly twice the LAI-2000 and Ceptometer variables. When the 20 cm was used, 
laser-based values were consistently the lowest. Indeed, Figure 2 suggests that the laser results at 
20 cm tended to exclude small vegetation elements but that the 10 cm cutoff tended to include a 
large amount of non-vegetation material.
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Shrubland Monitoring and Validation
Based on this study, I suggest that routine monitoring of PAI, FG, and FT is practical in 
shrublands, especially within a single site. The ADC was ideally suited for measuring shrubland 
FG, and at a  cost o f only about $1000, was relatively economical. The ADC was simple to 
operate and based on my experiences, was very durable. While similar values were obtained from
7 -7-1 LAI 2000 
Ceptometer 
ADC
10 cm Laser 
20 cm Laser
PAI LAI FT FG
Figure 2. Plant area index (PAI), leaf area index (LAI), total fractional cover (FG), and 
green fractional cover (FG). LAI-2000 Plant Canopy Analyzer, Ceptometer quantum line 
sensor, and Agricultural Digital Camera (ADC) data are the mean of three 100 m ground 
transects. Laser altimetry data are the mean of four 300 m aerial transects using 10 cm and 
20 cm height cutoffs.
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ground and cherry picker measurements, ground transects are laborious and less efficient than 
imagery from a greater height (see Appendix C for discussion of scaling issues). I suggest that 
long-term ADC monitoring in shrublands will be optimized by mounting the ADC on a tower 
platform, such as the central tower at the transitional site, and automating data gathering. This 
design, if built with a weather-proofed camera (DYCAM, pers. comm.), would provide beneficial 
inclusion of several landscape elements in each image (as described in Appendix C) and a 
temporally consistent methodology independent of operator error. Alternatively, I suggest 
imaging from a helicopter, tower, or cherry picker platform at a height > 20m above the surface. 
With the later approach, especially from helicopter, validation of remote sensing estimates of FG 
should be possible and comparable between numerous sites.
FT was easily calculated from laser altimetry data and the 20cm cutoff produced values 
generally comparable to results from the ground-based instruments. For rapid FT estimation over 
large areas where the cost of aircraft operation is not a factor, laser altimetry is an excellent 
option. For rapid and inexpensive PAI estimates, the LAI-2CKX) appeared to be the best option. In 
an environment such as the Jornada transitional site, only 30-40 observations may be required (as 
described in Appendix C). Relative PAI comparisons, both temporally and spatially, should be 
possible with the LAI-2000.
Calculation of the full suite of variables from any one instrument or the calculation of 
LAI alone requires laborious destructive sampling. Worse, the T:G and shrub P A I "  conversion 
factors, as pointed out by Dufrêne and Bréda (1995), are not likely to be seasonally constant. 
Certainly for the deciduous Prosopis, T:G will not be constant. Thus, to rigorously monitor 
seasonal LAL frequent destructive sampling would be required. At a site such as Jornada, this 
would be too intrusive for future long-term studies. Ideally, the ADC could be used to estimate 
LAI. However, the NIR saturation prevented us from accounting for even single scattering 
effects. If a  more sensitive instrument were used in combination with species-specific radiative
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transfer models, it would be theoretically possible to establish optimal view and illumination 
angles and to establish correlations between destructively sampled LAI and ADC brightness 
values. This method would provide; 1) a one-time regression curve free of transmittance sensors’ 
need for repeated destruction, and 2) a viable means of rapidly measuring LAI in the field. 
However, given current liabilities, LAI will be difficult to monitor routinely.
The methodologies I have presented here provide a simple and rapid means of validating 
estimates of FG throughout time and space and a somewhat more complicated means of 
validating LAI estimates at a single time and place. For instruments operating at a relatively fine 
spatial resolution, such as the Système Pour l’observation de la Terre (10 m) or the Thematic 
Mapper (30 m), operation of the ADC as outlined here could easily provide calibration of satellite 
fractional cover estimates at a large number of sites relatively quickly. Validation o f coarser 
resolution satellite data will be best accomplished from a helicopter platform. Appendix C 
suggests that a Moderate Resolution Imaging Spectrometer 250m pixel may be adequately 
characterized by nine observations, while an Advanced Very High Resolution Radiometer 1.1 km 
pixel will require about 150 observations. Moving to a height greater than the 25m level used in 
this study should further reduce the required number of observations.
Suggestions for Future Work
In other short-canopy biomes, variation in canopy structure is likely to require a different 
combination o f instruments for ecological monitoring and satellite validation. For crop canopies, 
typically with extremely small SAL LAI can be directly measured with transmittance instruments 
(Hicks and Lascano, 1995). Since even at peak growing season biomass, grasslands can contain a 
large amount of dead vegetation mixed with green material (Singh and Gupta, 1993), 
transmittance LAI estimates must be corrected for T:G. In contrast to sparse shrub canopies, 
grassland T:G could be repeatedly calculated without destroying the plot. The ADC should be 
suitable for monitoring FG in both crop and grassland canopies.
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While not specifically addressed in this paper, I speculate that the greatly different 
canopy structure of forest environments will necessitate different measurement strategies. Use of 
the ADC will be inappropriate in closed evergreen forests with FG approaching 1.0. In deciduous 
or open evergreen forests, the ADC could be used to monitor FG development, but obtaining a 
height great enough to include multiple canopy elements would be expensive and experimentally 
difficult. For forest canopies, I suggest one of two options for obtaining LAI. First, if 
measurements are required on a temporal scale of years, site-specific sapwood to leaf area 
allometric equations are fairly accurate (e.g. Keane and Weetman, 1987; O'Hara and Valappil, 
1995; Vertessy et al., 1995). Second, if sub-annual data are required, transmittance instruments 
are the best alternative. If quantitative data are needed, correction factors must be applied (Chen, 
1996; White et al., 1997a). If only relative changes within a plot are desired, the transmittance 
data may be used without correction. Despite hopes to the contrary, there is no one size fits all 
validation or monitoring approach. Rather, variation in canopy structure mandates a biome- 
specific selection of both the most appropriate variable to measure and the measuring instrument.
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Appendix A
Notation List
SHRUB PARAMETERS
shrub LAIdejt 
shrub SAIdest
shrub PAIdest 
shrub PA I"
shrub PA I"
shrub PAI_
shrub PAI:
LI-3000 leaf area index measurements of the destructively sampled shrubs 
photographic stem area index measurements of the destructively sampled 
shrubs
calculated plant area index of the destructively sampled bushes 
LAI-2000 plant area index measurements of the destructively sampled 
shrubs
Ceptometer plant area index measurements of the destructively sampled 
shrubs
LAI-2000 plant area index measurements o f component shrubs
mean, species-weighted, corrected LAI-2000 plant area index
__________________ measurements of component shrubs____________________________________
__________________ PLOT-LEVEL PARAMETERS’______________________________________
PAI2000 plant area index measured with the LAI-2000
PAIcept plant area index measured with the Ceptometer
PAIadc plant area index calculated from the Agricultural Digital Camera
PAIuuer plant area index calculated from laser altimetry
LAI2000 leaf area index calculated from the LAI-200 
LAIcept leaf area index calculated from the Ceptometer 
LAI ADC leaf area index calculated from the Agricultural Digital Camera 
LAIiajcr leaf area index calculated from laser altimetry 
FT2000 total fractional cover calculated from the LAI-2000 
FTcep, total fractional cover calculated from the Ceptometer 
F T adc total fractional cover calculated from the Agricultural Digital Camera 
FTia«r total fractional cover measured with laser altimetry 
FG2000 green fractional cover calculated from the LAI-2000 
FGccpi green fractional cover calculated from the Ceptometer 
FGadc green fractional cover measured with the Agriculhiral Digital Camera
___________ FG,..«. green fractional cover calculated from laser altimetry____________________
___________________RATIOS___________________________________________________________
T:G the ratio o f shrub PAI** to shrub LALa,
L:D the ratio o f shrub PAI% to shrub PAIjest
Measured indicates variables immediately available from instrument data. Calculated indicates variables 
calculated with the equations in Table 2.
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Appendix B
Variability of LAI-2000 and Ceptometer Data
Figure B 1 shows the CVs for shrub PAI% and shrub PA I" . CVs from the Ceptometer showed no
clear relationship with the LAI-2000 data, but were in the same general range. This suggests that 
within a single bush, neither instrument was inherently more consistent than the other. For all 
three species, the dawn shrub PA I" had a lower CV (less variable) than the dusk shrub P A I^ . 
Prosopis showed the largest difference between dawn and dusk CVs. Differences in LAI-2000 
wand placement might be expected to cause some variation in CV, but not the consistently 
observed lower dawn CVs. I speculate that the difference between dawn and dusk LAI-2000 
could have been caused by differences in radiation environments. The east horizon at Jornada is 
formed by a nearby mountain range. Thus, after sunrise, there is a fairly long period of consistent 
diffuse radiation (-45 minutes). The west horizon is much farther away, resulting in a rapid 
transition from sunlight to dark with a shorter period of diffuse radiation (-25  minutes). Based on 
these divergent radiation conditions, it is likely that the dawn samples’ more consistent radiation 
environment was manifested in lower CV s.
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Figure B l. Coefficient of Variation for Prosopis^ Ephedra, and Yucca shrub PAI" and
shrub PAI" from repeated measurements of one shrub per species. LAI-2000 data were
taken under diffuse radiation conditions at dawn and dusk (n=8 for each species at each 
time). Ceptometer data were taken under bright sunlight (n=8 except for Yucca where n=6).
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Appendix C
Dependence of sample variability on sample size and spatial resolution
I used a modified bootstrap analysis to assess the effects of increasing sample size and spatial 
resolution on the variability of mean plot-level estimates. The bootstrap methodology for ground 
transects was as follows. First, I randomly selected 2 samples from the total pool of 60 points 
(with replacement). I repeated this selection process for a total of 200 iterations. This produced a 
dataset o f 200 samples with n=2. Second, I calculated the mean of each of the 200 samples.
Third, I calculated the standard deviation of the 200 means. Fourth, I repeated steps one- to three 
but with an increasing sample size until n=60.1 completed the procedure for LAI, PAI, FT, and 
FG. For variables calculated with shrub PAI% (Table 2), I used the normal approximation and 
randomly selected shrub PAI% values for each of the 200 iterations. Unfortunately, since the 
point PAI2000 values were not retained, I was only able to use the bootstrap analysis for 
Ceptometer and ADC data.
Figure C l shows the effect of increasing sample size on sample standard deviation.
Results for FG, FT, PAI, and LAI all showed the same pattern. I present ground data for L A I adc 
and LAIcepi in Figure C l a. Increasing sample size from 2 to 12 resulted in a rapid decrease in 
standard deviation followed by a slower decrease up to around 30. Increasing sample size past 30 
produced only minor reduction in standard deviation. Figure C lb  shows the same phenomenon 
for the cherry picker L A I adc- Here, no reduction in standard deviation was obtained past a sample 
size o f 6. Both the ground and cherry picker L A Iadc standard deviations reached a minimum of 
around 0.6, but at the ground resolution, approximately 30 images were required to approach the 
minimum. The cherry picker data, on the other hand, required only 6 images to reach the 
minimum.
Difference in ground resolution between the ground transects and the cherry picker 
revealed two patterns in the ADC data (Table 3). First, based on statistically indistinguishable soil
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Figure C l. Bootstrap estimates of standard deviation from increasing sample size. C la  
shows ground based L A I adc and L A L ept standard deviations as sample size increased from 
2  to 60. Clb shows L A I adc as estimated from the cherry picker as sample size increased 
from 2 to 10.
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ratios and F G adc. the ADC is not sensitive to variation in sensor height (to 25m). Second, 
variability in F G adc estimates appeared to be dependent on the relationship between spatial 
resolution and landscape element size. Ground transect F G adc range was more than four times 
larger than the cherry picker F G adc range (Table 3) and F G adc CVs were vastly larger than the 
cherry picker CV. Evidently, a spatial resolution large enough to include multiple landscape 
elements resulted in more consistent image to image F G adc estimates. Ground images could 
either contain large portions of shrubs or virtually no plant material while cherry picker images 
always contained multiple shrubs. The decreased data range and lower CVs strongly argue that 
ADC images should ideally be taken from a height that includes several landscape elements.
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PHENOLOGICAL MONITORING: INTEGRATING 
SATELLITE AND GROUND OBSERVATIONS
Surface-atmosphere interactions involving exchanges of carbon, water, and energy are strongly 
affected by interannual variability in the timing and length of the vegetation growing season. 
Unique among measurement techniques, satellite remote sensing has the ability to consistently 
monitor global spatiotemporal variability in growing season dynamics. Figure 1 shows the start of 
the growing season (SOS) for the conterminous U.S. derived from a modified version of the 
algorithm in White et al. (1997b). Yet the usefulness of any such satellite information is 
fundamentally determined by an understanding o f how ground vegetation conditions correspond 
to satellite estimates. Essentially, without a clear picture of how satellite information (Figure 1) 
relates to ground conditions, the application of satellite growing season estimates for monitoring 
of climate-vegetation interactions, calculation of energy budgets, and large-scale ecological 
modeling will be extremely limited.
Recently obtained observations show that dates of leaf budburst correspond remarkably 
well with satellite SOS estimates. Spring 1999 budburst dates of dominant upper-canopy species, 
measured by students participating in the Global Learning and Observations to Benefit the 
Environment (GLOBE) program, tend to occur at around half the maximum annual satellite- 
measured greenness (Figure 2). Overall, the comparison between the GLOBE data and the 
satellite estimates of SOS were extremely encouraging. The data strongly suggest that over many 
sites in the continental U.S., satellite estimates of SOS occur at approximately the initiation of 
upper-canopy growth in the deciduous broad leaf forest biome. Lower-canopy vegetation activity 
is therefore highly likely to be responsible for the satellite greenness signal prior to predicted 
SOS.
160
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1 9 9 9  Start of  Growing S e a s o n
Week
14 15 16 17 18 19 20 21 22 23 24 25 26
Barren I  I < week 14 or > week 26
Figure 1.1999 start of the growing season (SOS). Areas shown in gray began growth outside 
the range of available satellite data (weeks 14*26). Black areas are barren. There is a 
general south-north progression of die SOS in the eastern U.S., late SOS for agricultural 
areas in the mid-west, and a strong elevational effect in the Appalachian and Rocky 
Mountains. Data are smoothed with a median filter.
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Figure 2. (A) Relationship between NDVI at observed budburst (NDYIbud) and NDVI at the 
mean 1989-1997 historical half-maximum NDVI (NDYIbaunux)* Slope of the relationship was 
0^0 with an of 0.70. The dotted line is the 1:1 line. In general, sites that bad a high 
NDVIbud also bad a high NDVIi-ifa.... (B) NDYIbud versus prediction error in days. Error is 
calculated as the difference between satellite start of season (SOS) and ground 
measurements of budburst for the 1999 growing season. Horizontal line shows zero error. 
Negative errors in (B) tend to occur for points to the right of the 1:1 line in (A) while 
positive errors occur for points to the left of the 1:1 line. The panels show that variability in 
NDVTbaifnux generally corresponds to variability in ground phenology. Also, large prediction 
errors are associated with large differences between NDVIbod and NDVIh.if-... The data 
suggest that some of the large errors may be associated with genus-spedfic growth patterns. 
The low NDYIbud of maples, for example, suggests that they may initiate growth early in 
ecosystem greenness signals.
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Phenological Dynamics
Phenology, the study of recurring biological cycles and their connection to climate, is a growing 
field of global change research, particularly with regard to vegetation phenology. Variation in 
vegetation phenology, especially the timing of springtime leaf and shoot growth (which can vary 
by more than one month from year to year) is an easily detectable signal of vegetation responses 
to both short- and long-term climatic variability. Long-term vegetation phenology records o f the 
initiation and completion of the growing season reveal strong climatic influences on the length 
and timing of the growing season (Menzel and Fabian, 1999) with enormous implications for 
many fields of geophysical research.
The timing of continental leaf growth patterns is related to many aspects of lower- 
atmospheric meteorology, including lapse rates, humidity, and wind direction (Schwartz, 1992). 
Net carbon assimilation in eastern U.S. deciduous forests is also extremely sensitive to small 
variation in the timing of spring growth (Goulden et al., 1996; White et al., 1998b) with longer 
growing seasons increasing ecosystem carbon storage. Finally, the presence or absence of a 
photosynthetically active canopy exerts a strong control on radiation partitioning into sensible and 
latent heat fluxes which in turn has major implications for weather and climate modeling. There 
are few, if any, other easily detectable signals of vegetation-climate interactions with such broad 
implications.
With rare exceptions, phenological records are of limited duration or geographical extent. 
Large, consistently measured datasets of native species phenology are especially lacking. Satellite 
remote sensing, on the other hand, provides a consistent method of monitoring global 
phenological dynamics (Reed et al., 1994). The usefulness of satellite data obtained from optical 
remote sensing, though, is limited by cloud contamination, sensor calibration, and in particular, 
an inadequate understanding of how satellite observations relate to vegetation developmental 
status. For example, incorporating satellite estimates of a fully active canopy that in fact is still
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emerging could result in severe errors in ecological and climate models. Satellite estimates of the 
timing and length of the growing season must therefore be carefully interpreted with consistently 
obtained observations of ground phenology. Since most variation in growing season length occurs 
in spring, budburst observations are the most useful tool for testing satellite algorithms.
GLOBE Budburst Data
GLOBE (http://www.globe.gov) is a joint NASA/NOAA/NSF science program designed to 
involve K-12 students in gathering data that will be simultaneously educational for the students 
and useful for the scientific community. Activities include atmospheric, edaphic, biologic, and 
hydrologie measurements. The GLOBE budburst protocol was designed in the spring of 1998 and 
widely implemented as an optional special measurement for 1999. In the protocol, students 
permanently mark two branches of two trees of the dominant upper-canopy species. The trees are 
observed daily until budburst is observed. Data is collected by GLOBE and visualized on the 
World Wide Web. For 1999, 51 schools participated, with some schools reporting data for a 
single species and some for up to six species. Participation was highest in the U.S. and Western 
Europe. In addition to recording budburst, students have the option of investigating climate- 
vegetation interactions with temperature and moisture bioclimatic indices. We extracted budburst 
data for the 26 participating U.S. schools and, for schools with more than one reported date, 
calculated the mean date of budburst.
Satellite Algorithm
The Advanced Very High Resolution Radiometer (AVHRR) measures radiation in near-infrared 
(NIR), red (R), and thermal wavelengths with global coverage at a 1.1km spatial resolution. The 
Normalized Difference Vegetation Index (NDVI) is a commonly used metric o f ecosystem level 
greenness and photosynthetic activity calculated as the difference between NIR and R
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reflectances divided by their sum. Mathematically, NDVI can range from -1 to 1 but in practice 
ranges from about 0.05 to 0.7 for land surfaces not covered by snow or clouds.
White et al. (1997b) created a ratio of the NDVI ranging from zero to one and identified 
SOS as the date at which the ratio exceeds 0.5. On average, the 0.5 level corresponds to the 
period of maximum NDVI increase in the spring and maximum NDVI decrease in the fall. The 
main advantage is that the algorithm detects SOS at half the maximum greenness regardless of 
the absolute magnitude of site NDVI. Originally designed to operate on a full year of NDVI data, 
we modified the technique to extract site-specific NDVI thresholds useful for real-time 
monitoring as follows. For each budburst location, we extracted 1989-1997 AVHRR biweekly 
composite data from CD-ROMs produced by the Earth Resources Observation Systems Data 
Center (compositing is used to reduce cloud contamination and data volume by extracting 
channel data at the date containing the maximum NDVI within the compositing period (Holben, 
1986)). Since cloud contamination exists even in composited data, we screened the data to 
remove cloudy periods. For each year, we found the minimum and maximum NDVI and 
computed the NDVI at the half-maximum level NDVThnfmw. We calculated the mean NDVIhaifma* 
for each pixel based on the eight-year record (1994 incomplete and not used). NDVIhaifmu, while 
an absolute threshold, is still sensitive to vegetation conditions at each site.
1999 Growing Season
We computed satellite SOS for the continental U.S. as the week in which the 1999 weekly 
composite time series exceeded historical NDVIhaifmw (Figure 1). For the GLOBE sites, we used 
the same threshold method on daily time series created from cloud-screened weekly composite 
data interpolated with a spline fit. In some cases, budburst occiured at dates outside the range of 
available satellite data and were discarded from the analysis. We then compared the dates o f SOS 
with the recorded dates o f budburst for the GLOBE sites. Figure 3 shows application of the
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Figure 3. Extraction of satellite SOS for two nearby GLOBE schools. Sites were chosen to 
show instances of large and small errors and differences between urban and rural NDVI 
trends in nearby sites. Symbols show NDVI for weekly composite periods from March 26 to 
May 20. At different sites, the date of acquisition varies, as can he seen by the position of the 
symbols on the yearday axis. The fourth composite period was cloud contaminated in both 
sites and was dropped from the time sequence. A spline curve (solid lines connecting 
symbols) was fit to the composite periods. The solid vertical lines show the date of budburst 
recorded at the GLOBE school. The vertical dashed lines show the satellite SOS date at 
NDYIhaiftnu • The difference between the two dates is the prediction error. Lower line: 
Populus trem uloides (aspen) at Randolph Magnet School, Chicago IL (41.7613N 87.6778W). 
Aspen is an early growing species, probably contributing to the 12-day prediction error. 
The urban NDVI in Chicago is generally lower than the NDVI at the more rural Person 
Creek Elementary School in Saint Charles IL (lower line, 41.9470N 88J872W). Here, the 
mean of the six observed budburst dates was only three days different than the SOS 
observation.
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procedure to two sites. In the lower line in Figure 3, observed budburst was recorded prior to an 
increase in the NDVI data. SOS was predicted twelve days later, leading to one of the largest 
errors in the dataset. In the upper line in Figure 3, SOS and budburst occurred within two days 
during a period of rapid NDVI increase. For every site except one, budburst was recorded during 
a period of increasing NDVI (positive slope for the three composite periods closest to budburst). 
Both panels show that period 16 (April 16 - April 22) was cloud-contaminated, as it was for many 
eastern sites. We also extracted the NDVI at which budburst was measured (NDVIbud)-
NDVIhaifmax was positively correlated with the NDVIbud, but the slope of the relationship 
was less than one (Figure 2). For points to the right of the 1:1 line (Figure 2), this indicates that 
budburst was recorded at an NDVI higher than NDVIhaifmax- Prediction errors (date of predicted 
SOS - date of observed budburst), on the other hand, were negatively correlated with NDVlbud- 
When NDVIbud exceeded NDVIhaifmax, errors were negative and vice versa. This pattern is at least 
partially explained by the natural progression of species phenology versus the aggregate picture 
obtained from satellites. For example, data for maples tend to fall to the left of the 1:1 line, 
indicating that maples initiate growth early in canopy development, leading to low NDVIhud and 
positive errors (Figure 2). The further a point is from the 1:1 line, the more the site phenology 
diverges from the overall phenological trend seen from satellites.
The mean absolute error for the comparison was 5.2 days while budburst standard 
deviation was 11.9 days, indicating that using the satellite algorithm to predict SOS was 
significantly more accurate than using the mean date of budburst, a necessary condition for any 
satellite monitoring technique. Even when using the GLOBE database consisting of numerous 
native species of varying phenologies, prediction bias was only 0.20 days. Additionally, 
computing site-specific NDVIhwfnnx was a better method than choosing arbitrary thresholds. A 
range of constant absolute NDVI threshold from 0.30 to 0.45 produced significantly larger errors 
and biases, with the best threshold at the mean NDVIhaifmax of 0.37.
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GLOBE Phenological Research
GLOBE budburst data is available for many other sites besides the continental U.S.; data 
selection here was guided by the availability of a processed satellite dataset. In future years, the 
same comparison should be carried out for GLOBE sites throughout the world with a similar 
processed data stream from the soon to be launched TERRA satellite. In particular, the analysis 
should be expanded to evergreen forests and grasslands. The current GLOBE budburst activities 
do not address grassland phenology, but a greenup measurement protocol is under development 
for implementation in 2000. GLOBE is also pursuing a lilac budburst protocol as an expansion of 
a measurement network originally maintained by the U.S. Department of Agriculture (Schwartz 
and Marotz, 1988). In the lilac protocol, schools make a minimum five-year commitment to 
planting, maintaining, and monitoring cloned individuals of Red Rothomagensis (a lilac shrub, 
Syringa chinensis). Lilac budburst data, along with other phenological stages, will be reported to 
GLOBE as for the native species protocols. The two protocols are related and highly 
complementary. The native species data provides information about vegetation activity as seen 
from satellites while the lilac protocol provides a genetically identical response to climate 
dynamics and weather systems.
The integrated phenological analysis of field data, satellite observations, and climate 
advocated by Schwartz (1998) has been primarily limited by the lack of geographically extensive 
and consistently measured phenology databases. With the growth of the GLOBE phenology 
protocols and the collection of data by students, we are moving toward a more consistent 
understanding of the intimate connection between climate dynamics and the terrestrial biosphere.
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Appendix A
GLOBE Phenology Protocols 
Background
Each year trees and many other plants prepare for the next growing season by forming buds.
These buds stay closed through the cold or dry season and burst open with the return o f rains or 
warmer temperatures. In this protocol, you will measure the date budburst occurs on native trees 
in your area. These measurements will contribute to the study of phenology.
What is phenology?
Many events we see every year in nature are, at least partially, controlled by climate. Phenology 
is the study of recurring biological cycles and their connection to climate. For example, annual 
bird migrations, insect outbreaks, and salmon spawning are phenological cycles. While these 
events occur at around the same time each year, their precise timing varies from year to year. This 
is one example of interannual variability. In this research, you will be working with the network 
of GLOBE schools to better understand the influence of climate on phenological interannual 
variability all over the world.
In the examples mentioned above, because the subjects are mobile animals, monitoring is 
more difficult and may require lots of time. Because plants don't move around, they are easier to 
monitor. That’s why, for this project, we are interested in vegetation phenology.
Have you ever noticed that leaves on trees in your neighborhood appear at different times 
each spring? This happens because of year-to-year changes in weather. There are two main 
reasons for this variability. First, in temperate areas with cold winters, a warm springtime will 
usually cause leaves to appear sooner than they would in a  cold springtime. This means that the 
growing season is longer in warm years and that plants will have more time to do photosynthesis.
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Second, in seasonally dry tropical areas where it is always warm, many plants begin growth when 
there is enough moisture. In these areas the timing of growth should be controlled by precipitation 
patterns, not temperature. By monitoring phenology and climate, we can test these hypotheses.
For example, if over many years we see a trend toward warmer temperatures and earlier dates of 
spring growth, this will be a strong indication that growing seasons are lengthening in response to 
warmer climates.
Scientists need to understand how vegetation responds to interannual climate variability. 
While phenology has been studied for some areas or some species, there has never been a 
consistent, world-wide effort to monitor vegetation phenology. By participating in this project, 
you will see for yourself how vegetation responds to climate and you will be providing important 
information needed to better understand how global climate influences vegetation.
Before beginning, it may be helpful to review the Atmosphere section of your Teacher’s 
Guide. Remember the difference between weather and climate. Weather is what you experience 
today, tomorrow, or next week. Climate, on the other hand, is weather over a longer time. The 
timing of budburst in a given year depends on the weather during that spring. Each year the 
weather is different. When you compare average temperature and precipitation values between 
years, you are then examining interannual climate variability. Here, we will be looking at how the 
vegetation responds to this variability. After data have been collected at your school for several 
years, you can compare your climate and budburst data. You can then explore whether the 
climate is changing and how the trees are responding to this change.
What is budburst?
For deciduous trees, bushes, and shrubs the growing season can be defined by the appearance of 
leaves in the spring and the dropping of leaves in the fall. Buds are small, hard, protective 
structures containing miniature leaves. They are formed during the previous growing season. In
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spring, the buds open and new leaves begin to expand. This opening is called budburst and is easy 
to detect.
In the fall, leaves develop yellow, red, or orange color and eventually fall off the plant.
Fall patterns, such as coloring and leaf drop, are more gradual processes than budburst. Because 
there is no one specific event like budburst to identify, it is difficult to establish an accurate date 
for the end of the growing season. In evergreen canopies, where there are always some leaves on 
the tree, detection of the end of the growing season is even harder. Additionally, in temperate 
climates, fall cycles are strongly controlled by the amount of daylight. Since this will always be 
the same for a given day, fall cycles are usually more regular than the temperature controlled 
beginning of the growing season. For these reasons, we will only monitor the dates of budburst.
Who can do the budburst protocol?
First, you must decide if you live in an area appropriate for the GLOBE Budburst Protocol. You 
must live in an area with trees. Both deciduous and evergreen trees have buds, so either type may 
be used. Areas with shrub and bush vegetation also have phenology, but the annual patterns are so 
variable that accurate monitoring would take too much time. If you live in a tropical area with a 
normally warm and wet climate, your vegetation may not have strong annual vegetation cycles. If 
so, you should not participate. However, if your area has a dry season and most of the vegetation 
loses its leaves at some time, you should definitely participate. You probably live in the part of 
the world for which we have the worst understanding of vegetation phenology.
Site Selection
For your site selection, you have two options. If you already have a Biology Study Site, the 
dominant species is already identified and five individual trees are already measured and could be 
used to monitor budburst. Similarly, you could use any Quantitative Land Cover Sample Site. If 
daily observations at such a  site are not practical, you may create a new Phenology Study Site
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which is more accessible. Since you will need to make ftequent visits to the site, we suggest you 
select a site close to your school or to where students live. You may use your school grounds or 
any other site that includes native trees, which are not watered or fertilized. Be sure to look at the 
surrounding properties and determine whether those properties are watered or fertilized and are 
affecting the trees you wish to observe. If so, do not use these trees. Watering and fertilization 
alter plants' phenological cycles, and the data would not be representative of natural vegetation 
and local climate connections. If a new site is being used, identify the latitude, longitude and 
elevation following the GLOBE GPS Protocols.
Since the results of this protocol will use temperature and precipitation data from the 
GLOBE Atmosphere Investigation, it is better to choose a site close to the Atmosphere Study 
Site. The local topography can cause weather to vary even within short distances. This is 
particularly true in mountainous regions. In these areas, the horizontal distance between the 
Phenology and Atmosphere sites should be less than 2 kilometers and the elevation differences 
less than 100 meters so that the atmosphere data can be used to analyze the budburst data. Do not 
choose a  Phenology Study Site with an elevation more than 500 meters different from your 
Atmosphere Study Site. If a site is chosen between 100 and 500 meters, you will have to apply a 
correction factor to your temperature readings when analyzing the data in the Phenology Learning 
Activity.
Precipitation effects are dependent on whether or not the site is located on the windward 
or leeward side of a hill or mountain or significant body of water. However, precipitation effects 
are variable, which makes it difficult to apply accurate corrections. Try to keep the Atmosphere 
and Phenology Study Sites on the same side of any large hills, mountains, or lakes.
If the school is located in flat terrain in the country side, then the weather will not be as 
variable and the Phenology Study Site may be located up to 10 kilometers away from the 
Atmosphere Study Site. Near major urban areas, temperature tends to be higher and can vary 
significantly with location. Try to choose a Phenology Study Site that experiences about the same
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range of conditions as your Atmosphere Study Site. You may establish a second Atmosphere 
Study Site in conjunction with your Phenology Study Site if you cannot find a place appropriate 
for your budburst observation with weather conditions similar to those at your first Atmosphere 
Study Site.
Tree Selection
1. At the Phenology Study Site, identify the dominant species. This will be the species with the 
largest share of canopy coverage. If you are using a Quantitative Land Cover Sample Site or a 
Biology Study Site, you already know the dominant species. If you are using a new site, 
visually inspect the canopy and estimate which species is dominant or would be dominant 
when the leaves are full. If you are in an area where two or more species are equally 
dominant, chose one of the species and record this information as metadata in the comments 
section in the Budburst Data Entry Sheet. Select two of the larger overstory trees for 
permanent budburst monitoring. Label the trees 'tree 1' and tree 2'. Plants from the layer of 
vegetation under the large trees, called the understory, will have a different phenological 
cycle than the overstory. Since we’re trying to establish the connection between climate and 
the dominant vegetation types, we will not study understory plants, but you may wish to 
make observations of their budburst timing and save them in your local school data record. 
The trees should be easily accessible and you should be able to see individual buds. Try not 
to select trees where the lowest branches are several meters above the ground. If you can't 
find trees with low branches, use binoculars to observe the individual buds. If a tree dies or is 
removed, select another tree of the same species. Identify the new tree with the next number 
in your labeling sequence, for example, tree 3'. Record the approximate heights of the 
branches and changes in tree selection as metadata.
2. Select native tree species. Non-native species, called exotics, have phenological cycles that 
are not necessarily tied to the local climate. Fruit trees are a classic example. You may have
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heard on the local news that a late spring frost ruined a fruit crop in your area. Often this is 
because exotics have not evolved to survive in the local climate. If you are unsure which 
plants are natives, ask your teacher, a local greenhouse or agricultural extension agent, or the 
appropriate staff at a local college or university.
3. For each tree, select two south-facing branches for permanent monitoring if you live north of 
the equator and north-facing branches if you live south of the equator. Use a compass to make 
sure the branches are facing the correct direction. Since the dates o f budburst can vary within 
a single tree's canopy, you need to monitor the same branches each year. Select branches that 
are healthy and relatively large to lessen the possibility of these branches dying or breaking. 
Mark these branches with flagging tape or some other durable identification. Label one 
branch of each tree 'a' and the other 'b'. So now you have four branches in total with four 
different labels; 'tree 1 branch a', 'treel branch b', 'tree 2 branch a', and 'tree 2 branch b'. If a 
branch breaks or dies during the study, use another south-facing branch of the same tree. 
Identify the new branch with the next letter of the alphabet. Record any changes as metadata 
in the comment section.
4. Record the genus and species of the selected trees. Although optional, measurements of tree 
heights and circumferences following the Biometry Protocol would be useful information.
Budburst Detection
1. Since budburst is highly variable from year to year, you will need to start monitoring well 
before the average date of budburst. Ask a biology teacher or someone from your local 
community if they have any record of budburst for your area. You can try contacting local 
horticultural societies, or college or university biology departments. The date does not need to 
be exact. You are just trying to establish when, on average, leaves begin to appear.
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2. In the spring, two weeks or more before the average date of budburst, the entire class or at 
least all students who will be taking measurements, should visit the Phenology Study Site to 
determine which trees and branches to monitor.
3. Make daily trips to your site. Look at the buds at the end of the branch. Again, as for the 
selection of trees and branches, you should look at buds at the same branch position each 
year. Have any of the buds burst open? Can you see signs of tiny leaves inside the bud? If 
you answer yes to both these questions, enter the date of budburst on the Budburst Data Entry 
Sheet. Since you are trying to detect the first signs of budburst, don't worry if some of the 
buds haven't opened yet. Record the date of each observation. Keep monitoring until you see 
budburst on all four of your branches.
4. It is important that someone visits the site each day until budburst occurs. Over a period of 
two to four weeks, this will mean many visits to the site; sharing this responsibility among 
several students should make this easier to accomplish. Try to make a schedule so that 
students can take turns visiting the site with their parents or another adult if necessary. This 
will lessen the chance of not visiting the site every day. By reporting the date of the last 
observation before budburst occurred, everyone using your data will know how many days 
are missing (if any) immediately preceding the date o f budburst and therefore of the time 
interval when budburst occurred.
How Scientists Will Use These GLOBE Data
Even though the timing of budburst will vary between years, budburst occurs when the trees 
sense certain temperature or moisture conditions. In other words, the trees respond to the local 
environmental and not to the dates on a calendar. The type of conditions the trees require in a  
locality remains fairly constant between years. Using your observations o f budburst along with 
your temperature and precipitation data over time, we will be able to accomplish four different 
objectives. First, we will map annual dates of budburst across the continents. Second, we will
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establish the weather patterns that control phenology in your area and across the world. Over 
time, you will be able to find out if your growing season responds to temperature or moisture. 
Using all the GLOBE data, we will be able to map areas of the world where the growing season is 
controlled by temperature and where it is controlled by moisture. Third, we will develop a better 
understanding of how global vegetation responds to interannual climate variability. Finally, we 
will compare the data from the GLOBE Phenology Protocol with satellite observations of 
changes in greenness in order to understand better how to interpret these data.
Phenology Learning Activities
Once you have detected budburst, you can investigate how the timing of budburst is related to 
climate conditions. You will use the GLOBE Atmosphere Investigation and snow pack data from 
your school to calculate the amount of warming and the increased level of moisture availability 
that preceded budburst. We do not know exactly when budburst will happen until it occurs, so all 
the calculations in this activity are made by working backwards from the date of budburst. If you 
have daily measurements of temperature and precipitation available, this is simple.
Calculating growing degree summation
Many plants in different areas o f the world require a set amount of warming to initiate growth and 
minimize their risk of frost damage. Growing degree summation (GDS) is a common measure of 
warming used by scientists. For this method, you will need the maximum and minimum 
temperature data for your school from January first (if you live in the northern hemisphere) or 
July first (if you live in the southern hemisphere) up to and including the date of budburst. To 
calculate GDS:
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1. First, for each day, calculate the daily average temperature (Tavg) by adding the maximum 
and minimum temperature for each day and dividing by two beginning on January 1 in the 
northern hemisphere and July 1 in the southern hemisphere.
2. Starting with January 1 or July 1, check to see if Tavg is greater than 0°C. If it is, record this 
temperature. If not, ignore it. Go to the next day. Again, check to see if the (Tavg) is greater 
than 0°C. If it is, add it to the temperature you recorded for the first. If not, again ignore it. 
Repeat this process for each subsequent day up to the day of budburst. The sum of the 
positive average temperatures is your GDS. For example, look at the following series of 
temperatures and the summation that would go with them:
Tavg (0°C) - 3 - 2  2 3
GDS: 0 0 2 5
■1 5 6
10 16
3. For each branch, calculate GDS up to the day on which you record budburst. Record these 
values in Table 1 on your work sheet.
Table 1. Budburst worksheet.
' Water Equivalent 1 j 
! of Snow Pack j  |
Tree 1 Branch
!
Budburst Date 
(YYYY/MM/DD)
GDS
(•C)
PET
(mm)
A
Precipitation i  Start 
(mm) ' (-29 
1 days) 
(mm)
B ; C
End (at 
budburst) 
(mm)
D
Total
Inputs
(mm)
E
(B+C-D)
WD
(mm)
B -A
or
E -A
Missed
Observations
(days)
1
i i
1
I j
1 1
i
1
i
1
Calculating moisture availability
Moisture availability is often measured by comparing the input of water to the surface with the 
amount of water that could leave the surface. In other words, inputs are compared with outputs. If
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inputs exceed potential outputs, the environment is moist. On the other hand, if potential outputs 
are much larger than inputs, drought conditions exist. The precipitation (both solid and liquid) 
measured at your school is the input. Outputs are evaporation and transpiration. Transpiration is 
the process of water loss from plants while they absorb CO2 for photosynthesis. The sum of 
evaporation and transpiration is called évapotranspiration, or ET. ET can be accurately estimated 
using fairly complicated equations. For this activity, a reasonable estimate can be made using a 
very simple method to calculate a related quantity: the potential amount of water that could leave 
the surface under the observed temperature and precipitation conditions. This is called potential 
évapotranspiration, or PET. The following steps show you how to calculate the input, output and 
moisture availability inputs.
Inputs
1. To calculate inputs, you need to sum the daily precipitation values for the 29 days prior to 
budburst and the day of budburst (a total o f 30 days). This includes the rainfall and the liquid- 
water equivalent of new snow. You can record your values for the 30 days in the student data 
work sheet. If budburst occurred on different days, this value will be different for each 
branch. Record the four sums in Table 1.
2. If you had snow on the ground at the time of budburst, then you need the liquid-water 
equivalent of the total snow depth. You can obtain this value following the Snow Pack Water 
Equivalent Protocol. As with precipitation, you may need this value for multiple days. Record 
the four values (one for each branch) in Table 1.
3. If there was snow on the ground on the 29th day before budburst you need a measurement or 
estimate of the liquid-water equivalent of the snow pack for that day. This can be done easily 
by making a linear interpolation between the two dates closest to the 29th day before 
budburst. On a piece of graph paper plot the 2 known values; the date is on the x-axis, the 
water equivalent in mm is on the y-axis. Draw a straight line between the 2 points. Locate the
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date needed and find the corresponding y-vaiue on the line. This will give you an estimate of 
the liquid-water equivalent of the snow pack for the 29th day prior to budburst. Again, if the 
dates of budburst differ between branches, then do as many estimates as needed. Enter these 
values in Table 1.
4 . The total input of water = sum of the rain + sum of the water equivalent of new snow + water 
equivalent of the snow pack on the 29th day prior to budburst minus water equivalent of the 
snow pack on the day of budburst. Record the results of your calculations in Table 1.
Outputs
To estimate potential évapotranspiration (PET), we will rely on the concept that for a given 
temperature, air can only hold a certain amount of water. Warmer air can hold more water. This 
means that under warm conditions, PET is higher than under cold conditions. In reality, PET also 
depends on the amount of solar radiation, but we can still obtain useful estimates using only 
temperature.
1. Once you have detected budburst, you will get PET from Table 2. For the day of budburst, 
find Tavg in Table 2. Then look in the column to the right. This is PET in mm per day. 
Record this value with its corresponding date in Table 1 on the student data work sheet. Since 
plants respond to long-term moisture trends, record PET for the 29 days prior to budburst so 
that you have a total of 30 values of PET. Remember to do this for each branch.
2. Sum the PET values for the 30 days recorded in the student worksheet. Enter the 30-day 
totals in Table 1.
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Table 2. Potential évapotranspiration.
Tavg PET 
-10 0.35
Tavg PET 
10 1.60
Tavg PET 
30 5.00
-9
-8
-7
-6
-5
-4
-3
-2
-1
0.38
0.42
0.45
0.49
0.54
0.58
0.63
0.68
0.74
11
12
13
14
15
16
17
18 
19
1.70 
1.80 
1.90 
2.00 
2.10 
2.30 
2.40 
2.50
2.70
31
32
33
34
35
36
37
38
39
5.30
5.60
5.90 
6.20 
6.50
6.90 
7.20
7.60 
8.00
i : i .
ri  '?iO
1
m mm
Water Difference
1. Subtract the PET total from either the precipitation total or the total water inputs, if the liquid- 
water equivalents of snow pack are part of your calculations. We will call this the water 
difference (WD). If WD is positive, this indicates wet conditions. Negative WD values 
suggest dry conditions. Make the same calculation for all four branches.
2. Record the four values in Table 1.
Snow pack water equivalent protocol
The measurement of the liquid-water equivalent of snow pack is taken at the Atmosphere Site. 
This protocol is very similar to the measurement of the liquid-water content of the daily solid 
precipitation described in the Solid Precipitation Protocol in the Atmosphere Section. For the 
Snow Pack Protocol you measure the water equivalent of the entire snow column all the way to 
the ground instead of the new snow that has fallen on the snow board. In the Solid Precipitation 
Protocol you also take daily measurements of the total depth of snow on the ground. These two
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measurements, the depth and water equivalent of the total snow column, are important for 
weather modeling in the Phenology Project.
Although you could take this measurement during the whole winter once there is snow on 
the ground, the important time to take this measurement is during the last 6 weeks of winter if 
you have snow on the ground.
This measurement should be taken whenever there is a new accumulation of precipitation 
(either liquid or solid) and at least once a week when there is no new precipitation. Try to set 
aside a specific day of the week for this measurement, for example, Monday. Then on each 
Monday (or another day you chose), check to see if the measurement needs to be taken. If snow is 
on the ground, take the measurement. If it rains or snows on another day of the week, then when 
you do your daily atmosphere measurements, do this one also.
Determining iiquid-water content of snow pack
1. Complete all measurements as directed in the Solid Precipitation Protocol.
2. Choose a fresh site near your other snow measurements but located where this measurement 
will not interfere with them. Take the large cylinder from the rain gauge and invert it, pushing 
the cylinder down carefully so that it touches the ground. If the depth of snow is greater than 
the depth of the overflow cylinder, you may compact the snow in the cylinder. In doing this, 
be careful that you are not pushing snow out of the path of the cylinder. Lift the cylinder up 
being careful not to lose any snow. If the snow is too deep for you to reach the ground, you 
may not be able to compact the snow into the cylinder as a single sample. In this case, take an 
initial sample with your cylinder. Carefully dig down around the cylinder until you have a 
hole whose bottom is even with the mouth of the cylinder full of snow. Remove the cylinder 
and use a trowel to shovel the snow from the cylinder into a bucket or other container. It is 
not important for you to get all the snow out of the cylinder. Place the cylinder on the circle 
in the snow left from taking the first sample. Repeat the procedure of pushing the cylinder 
into the snow being careful not to push snow out of the path of the cylinder. If you do not
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reach ground level, repeat this procedure until you do. Your total sample will be the 
combination o f the snow in the cylinder plus the snow you have transferred from the cylinder 
to the bucket or other container. Sometimes the snow in the column may be hard, even icy. 
The rain gauge cylinder is made of strong plastic and has a fairly sharp edge. You should be 
able to cut through the snow most of the time. However, if an icy layer is too hard, use a 
trowel to cut out the circle formed by the cylinder. Scoop this ice or snow into the container 
with the other snow.
3. Once the snow sample is inside the cylinder (and in the bucket or other container), bring it 
indoors and allow it to melt. To prevent evaporation, place a cover over the cylinder and any 
other container holding part of your sample.
When the snow has melted, carefully pour the water into the measuring tube of the rain gauge and 
read the depth of water in the same way you read the rainfall. Record this in the data entry sheet.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
183
References
Aber, J.D., 1997. Why don't we believe the models. Bull. Ecol. Soc. Amer., 78: 232-233.
Aber, J.D. and Melillo, J.M., 1980. Litter decomposition: measuring relative contributions of 
organic matter and nitrogen to forest soils. Can. J. Hot., 58: 416-421.
Aber, J.D. and Melillo, J.M., 1982. Nitrogen immobilization in decaying hardwood leaf litter as a 
function of initial nitrogen and lignin content. Can. J. Hot., 60; 2263-2269.
Aber, J.D. and Melillo, J.M., 1991. Terrestrial Ecosystems. Saunders College Publishing,
Chicago, 429 pp.
Aber, J.D., Melillo, J.M. and McClaugherty, C.A., 1990. Predicting long-term patterns of mass 
loss, nitrogen dynamics, and soil organic matter formation from initial fine litter 
chemistry in temperate forest ecosystems. Can. J. Hot., 68: 2201-2208.
Aber, J.D., Ollinger, S.V. and Driscoll, C.T., 1997. Modeling nitrogen saturation in forest
ecosystems in response to land use and atmospheric deposition. Ecol. Model., 101: 61-78.
Aber, J.D., Reich, P.B. and Goulden, M.L., 1996. Extrapolating leaf CO; exchange to the canopy: 
a generalized model of forest photosynthesis compared with measurements by eddy 
correlation. Oecologia, 106: 257-265.
Abrams, M.D., Kubiske, M.E. and Mostoller, S.A., 1994. Relating wet and dry year
ecophysiology to leaf structure in contrasting temperate tree species. Ecology, 75: 123- 
133.
Acherar, M. and Rambal, S., 1992. Comparative water relations of four Mediterranean oak 
species. Vegetatio, 99-100: 177-184.
Agata, W. and Kamata, E., 1979. Ecological characteristics and dry matter production o f some
native grasses in Japan: 1. Annual growth patterns of Sasa nipponica communities. J. Jap. 
Soc. Grass. Sci., 25: 103-109.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
184
Alban, D.H. and Niering, W.A., 1975. Biomass and nutrient distribution in aspen, pine and spruce 
stands on the same soil types in Minnesota. J. For. Res., 8: 290-299.
Allison, F.E., Murphy, R.M. and Klein, C J., 1963. Nitrogen requirements for the decomposition 
of various kinds of finely ground woods in soil. Soil Science, 96: 187-190.
Alvera, B., 1973. Estudios en bosques de coniferas del Pirineo Central. Serie A: pinar con acebo 
de San Juan del Pena. I Produccion de hojarsca. Pirineos, 109: 17-29.
Alvera, B., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, pp. 615.
Anderson, J.M., 1973. The breakdown and decomposition of sweet chestnut {Castanea sativa) 
and beech {Fagus sylvatica) leaf litter in two deciduous woodland soils. Oecologia, 12: 
275-288.
Ando, T., Chiba, K., Nishimura, T. and Tanimoto, T., 1977. Temperate fir and hemlock forests in 
Shikoku. In: T. Shidei and T. Kira (Editors), Primary Productivity in Japanese Forests. 
University of Tokyo Press, Tokyo.
Appleby, R.F. and Davies, W J., 1983. A possible evaporation site in the guard cell wall and the 
influence of leaf structure on the humidity response by stomata of woody plants. 
Oecologia, 56: 30-40.
Archer, S., Schimel, D.S. and Holland, E.A., 1995. Mechanisms of shrubland expansion: land 
use, climate, or CO2? Clim. Change, 29:91-99.
Asrar, G., Fuchs, M., Kanemasu, E.T. and Hatfield, J.L., 1984. Estimating absorbed
photosynthetically active radiation and leaf area index from spectral reflectance in wheat. 
Agronomy J., 76: 300-306.
Auclair, D. and Méteyer, S., 1980. Méthodologie de l'évaluation de la biomasse aérienne sur pied 
et de la production en biomasse des taillis. Acta Oecologia, 1:357-377.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
185
Baker, B., Olszyk, D.M. and Tingey, D., 1996. Digital image analysis to estimate leaf area. J.
Plant Physiol., 148; 530-535.
Baldocchi, D.D., Valentini, R., Running, S., Oechel, W. and Dahlman, R., 1996. Strategies for 
measuring and modelling carbon dioxide and water vapour fluxes over terrestrial 
ecosystems. Global Change Biol., 2: 159-168.
Barclay, H.J., 1998. Conversion of total leaf area to projected leaf area in lodgepole pine and 
Douglas-fir. Tree Physiol., 18: 185-193.
Baruch, Z., Ludlow, M.M. and Davis, R., 1985. Photosynthetic responses of native and 
introduced C4 grasses from Venezuelan savannas. Oecologia, 67: 388-393.
Baskerville, G.L., 1965. Dry matter production in immature balsam fir stands. Forest Sci. 
Monogr., 9.
Baskerville, G.L., 1966. Dry matter production in immature balsam fir stands: roots, lesser 
vegetation, and total stand. Forest Sci., 12:49-53.
Bauer, G., Schulze, E.-D. and Mund, M., 1997. Nutrient contents and concentrations in relation to 
growth of Picea abies and Fagus sylvatica along a European transect. Tree Physiol., 17: 
777-786.
Beadle, C.L., Jarvis, P.G., Talbot, H. and Neilson, R.E., 1985. Stomatal conductance and 
photosynthesis in a mature Scots pine (Pinus sylvestris) forest: 2. dependence on 
environmental variables of single shoots. J. Appl. Ecol., 22: 573-586.
Beets, P.N. and Pllock, D.S., 1987. Accumulation and partitioning of dry matter in Pinus radiata 
as related to stand-age and thinning. N. Z. J. For. Sci., 17:246-271.
Bégué, A., 1993. Leaf area index, intercepted photosynthetically active radiation, and spectral 
vegetation indices: a sensitivity analysis for regular-clumped canopies. Remote Sens. 
Environ., 46: 45-59.
Berg, B., 1988. Dynamics o f nitrogen (I5N ) in decomposing Scots pine (Pinus sylvestris) needle 
litter. Long-term decomposition in a  Scots pine forest. VI. Can. J. Hot., 66: I539-I546.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
186
Berg, B., Ekbohm, G. and McClaugherty, C., 1984. Lignin and holocellulose relations during
long-term decomposition of some forest litters. Long-term decomposition in a Scots pine 
forest. IV. Can. J. Bot., 62: 2540-2550.
Berg, B. and Ekhbom, G., 1991. Litter mass-loss rates and decomposition patterns in some needle 
and leaf litter types. Long-term decomposition in a Scots pine forest. VII. Can. J. Bot.,
69: 1449-1456.
Berg, B. and McClaugherty, C., 1989. Nitrogen and phosphorus release from decomposing litter 
in relation to the disappearance of lignin. Can. J. Bot., 67: 1148-1156.
Billore, S.K., 1973. Net primary production and energetics of a grassland ecosystem at Ratlam, 
India, Vikram University, Ujain.
Birk, E.M. and Vitousek, P.M., 1986. Nitrogen availability and nitrogen use efficiency in loblolly 
pine stands. Ecology, 67: 69-79.
Black, T.A., Chen, J.-M., X., L. and Sagar, R.M., 1991. Characteristics of shortwave and
longwave Irradiances under a Douglas-fir forest stand. Can. J. For. Res., 21: 1020-1028.
Bliss, L.C., 1977. General summary Truelove Island ecosystem. In: L.C. Bliss (Editor), Truelove 
Lowland, Devon Island, Canada: A High Arctic Ecosystem. University of Alberta Press, 
Edmonton, Canada, pp. 657-675.
Bocock, K.L., 1963. Changes in the amount of nitrogen in decomposing leaf litter of sessile oak 
{Quercus petraea). J. Ecol., 51: 555-566.
Bocock, K.L., 1964. Changes in the amount of dry matter, nitrogen, carbon and energy in
decomposing woodland leaf litter in relation to the activities o f the soil fauna. J. Ecol.,
52; 273-284.
Bocock, K.L. et al., 1960. Changes in leaf litter when placed on the surface of soils with
contrasting humus types. I. Losses in dry weight of oak and ash litter. J. Soil Sci., 11: 1-9.
Bonan, G.B., 1993. Importance of leaf area index and forest type when estimating photosynthesis 
in boreal forests. Remote Sens. Environ., 43: 303-314.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
187
Bormann, F.H., Siccama, T.G., Likens, G.E. and Whittaker, R.H., 1970. The Hubbard Brook
ecosystem study: composition and dynamics of the tree stratum. Ecol. Monogr., 40: 373- 
388.
Braswell, B.H., Schimel, D.S., Linder, E. and Moore, B.I., 1997. The response of global
terrestrial ecosystems to interannual temperature variability. Science, 278: 870-872.
Bray, J R. and Dudkiewicz, L.A., 1963. The composition, biomass and productivity of two 
Populus forests. Bull. Torrey Bot. Club, 90: 298-308.
Bréda, N., Cochard, H., Dreyer, E. and Granier, A., 1993. Water transfer in a mature oak stand 
{Quercus petraea) seasonal evolution and effects of a severe drought. Can. J. For. Res.,
23: 1136-1143.
Brix, H., 1981. Effects o f nitrogen fertilizer source and application rates on foliar nitrogen
concentration, photosynthesis, and growth of Douglas-fir. Can. J. For. Res., 11: 775-780.
Brown, M J .  and Parker, G.G., 1994. Canopy light transmittance in a chronosequence of mixed- 
deciduous forests. Can. J. For. Res., 24: 1694-1703.
Bryant, N.A. et al., 1990. Measuring the effects of overgrazing in the Sonoran Desert. Clim. 
Change, 17: 243-264.
Buchmann, N. and Schulze, E.-D., 1999. Net CO2 and H2O fluxes of terrestrial ecosystems.
Global Biogeochem. Cycles, 13: 751-760.
Buffington, L.C. and Herbel, C.H., 1985. Vegetation changes on a semidesert grassland range 
from 1858 to 1963. Ecol. Monogr., 35: 139-164.
Bunce, J.A., 1993. Effects of doubled atmospheric carbon dioxide concentration on the response 
o f assimilation and conductance to humidity. Plant, Cell Environ., 16:189-197.
Bunce, J.A., 1996. Does transpiration control stomatal responses to water vapour pressure deficit. 
Plant, Cell Environ., 19: 131-135.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
188
Burton, A J ., Pregitzer, K.S. and Reed, D.D., 1991. Leaf area and foliar biomass relationships in 
northern hardwood forests located along an 800 km acid deposition gradient. Forest Sci., 
37: 1041-1059.
Cadisch, G., H., I., Urquiaga, S., Boddey, R.M. and Oilier, K.E., 1996. Carbon turnover (dl3C) 
and nitrogen mineralization potential of particulate light soil organic matter after 
rainforest clearing. Soil Biol. Biochem., 28; 1555-1567.
Cannell, M.G.R., 1982. World Forest Biomass and Primary Production Data. Academic Press, 
New York, 391 pp.
Carlson, R.E., Momen, N.N., Aijmand, O. and Shaw, R.H., 1979. Leaf conductance and leaf
water potential relationships for two soybean cultivais grown under controlled irrigation. 
Agronomy J., 71: 321-325.
Chabot, B.F. and Hicks, D.J., 1982. The ecology of leaf life spans. Ann. Rev. Ecol. Syst., 13: 
229-259.
Chase, T.N., Pielke, R.A., Kittel, T.G., Nemani, R. and Running, S.W., 1996. Sensitivity of a
general circulation model to global changes in leaf area index. J. Geophys. Res., 101(D3): 
7393-7408.
Chen, JM ., 1996. Optically-based methods for measuring seasonal variation of leaf area index in 
boreal conifer stands. Agric. For. Meteorol., 80: 135-163.
Chen, J.M., Blanken, P.D., Black., T.A., Guilbeault, M. and Chen, S., 1997. Radiation regime and 
canopy architecture in a boreal aspen forest. Agric. For. Meteorol., 86: 107-125.
Churkina, G. and Running, S.W., 1998. Contrasting climatic controls on the estimated 
productivity of global terrestrial biomes. Ecosystems, 1:206-215.
Clapp, R.B. and Homberger, G M ., 1978. Empirical equations for some soil hydraulic properties. 
W ater Resources. Res., 14: 601-604.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
189
Clark, H., Newton, P.C.D., Bell, C.C. and Glasgow, E.M., 1997. Dry matter yield, leaf growth 
and population dynamics in Lolium perenne I Trifolium repe/zj-dominated pasture turves 
exposed to two levels of elevated CO2. J. Appl. Ecol., 34: 304-316.
Clermont, L.P. and Schwartz, H., 1951. The chemical composition of Canadian woods. Pulp Pap. 
Mag. Can., 52: 103-105.
Cole, D.W., Gessel, S.P. and Dice, S.F., 1968. In: H.E. Young (Editor), Primary productivity and 
mineral cycling in natural ecosystems. University of Maine, Orono, ME, pp. 197-233.
Cole, D.W. and Rapp, M., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest 
Ecosystems. Cambridge University Press, Cambridge, UK.
Collatz, J., Ferrar, P J . and Slatyer, R.O., 1976. Effects of water stress and differential hardening 
treatments on photosynthetic characteristics of a xeromorphic shrub. Eucalyptus socialis, 
F. Muell. Oecologia, 23: 95-105.
Collins, N J., Baker, J.H. and Tilbrook, P J ., 1975. Signy Island, maritime Antarctic. In: T. 
Rosswall and O.W. Heal (Editors), Structure and Function of Tundra Ecosystems. 
Swedish Natural Science Research Council, Stockholm, Sweden, pp. 345-374.
Comeau, P.G. and Kimmins, J.P., 1989. Above- and below-ground biomass and production of 
lodgepole pine on sites with differing soil moisture regimes. Can. J. For. Res., 19: 447- 
454.
Cortez, J., Demard, J.M., Bottner, P. and Monrozier, L.J., 1996. Decomposition of Mediterranean 
leaf litters: a microcosm experiment investigating relationships between decomposition 
rates and litter quality. Soil Biol. Biochem., 28(4/5): 443-452.
Côte, W.A., 1977. W ood ultrastructure in relation to chemical composition. Recent Adv. 
Phytochem., 11: 1-14.
Coupland, R.T. and Van Dyne, G.M., 1979. Natural temperate grasslands: systems synthesis. In: 
R.T. Coupland (Editor), Grassland Ecosystems of the World. International Biological 
Programme. Cambridge University Press, New York, pp. 97-106.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
190
Cregg, B.M., 1994. Carbon allocation, gas exchange, and needle morphology of Pinus ponderosa 
genotypes known to differ in growth and survival under imposed drought. Tree Physiol., 
14: 883-898.
Crockford, R.H. and Richardson, D.P., 1990. Partitioning of rainfall in a Eucalypt forest and pine 
plantations in southeastern Australia. I. throughfall measurement in Eucalypt forest: 
effect of method and species composition. Hydrological Processes, 4: 131-144.
Crone, E.E. and Jones, C.G., 1999. The dynamics o f carbon-nutrient balance: Effects of
cottonwood acclimation to short- and long-term shade on beetle feeding preferences. J. 
Chem. Ecol., 25: 635-656.
Crow, T.R., 1978. Biomass and production in three contiguous forests in northwest Wisconsin. 
Ecology, 59: 265-273.
Crunkilton, D.D., Pallardy, S.G. and Garrett, H.E., 1992. Water relations and gas exchange of
northern red oak seedlings planted in a central Missouri clearcut and shelterwood. Forest 
Ecol. Manag., 53: 117-129.
D a i, A. and Fung, I.Y., 1993. Can climate variability contribute to the "missing" CO2 sink? 
Global Biogeochem. Cycles, 7: 599-609.
Dameisin, C. and Rambal, S., 1995. Field study of leaf photosynthetic performance by a
Mediterranean deciduous oak tree {Quercus pubescens) during a severe drought. New 
Phytologist, 131: 159-167.
Danunan, A.W.H., 1964. Some forest types of central Newfoundland and their relation to 
environmental factors. For. Sci. Monogr., 8: 1-62.
Damman, A.W.H., 1971. Effect o f vegetation changes on the fertility of a Newfoundland forest 
site. Ecol. Monogr., 41: 253-270.
Dang, Q.-L., Margolis, H.A., Coyea, M.R., Sy, M. and Collatz, G.J., 1997. Regulation of branch- 
level gas exchange of boreal trees: roles of shoot water potential and vapor pressure 
difference. Tree Physiol., 17:521-535.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
191
Davies, W J. and Zhang, J., 1991. Root signals and the regulation of growth and development of 
plants in drying soil. Annual Reviews of Plant Physiology and Plant Molecular Biology, 
42: 55-76.
Dawson, J.O. and Funk, D.T., 1981. Seasonal change in foliar nitrogen concentration of Alnus 
glutinosa. Forest Sci., 27: 239-243.
Day, F.P. and Monk, C D., 1977a. Net primary production and phenology on a southern 
Appalachian watershed. Am. J. Bot., 64: 1117-1125.
Day, F.P. and Monk, C D., 1977b. Seasonal nutrient dynamics in the vegetation on a southern 
Appalachian watershed. Am. J. Bot., 64: 1126-1139.
Day, F .PJ. and Monk, C.D., 1974. Vegetation patterns on a southern Appalachian watershed. 
Ecology, 55: 1064-1074.
de Pury, D.G.G. and Farquhar, G.D., 1997. Simple scaling of photosynthesis from leaves to 
canopies without the errors of big-leaf models. Plant, Cell Environ., 20: 537-557.
DeAngelis, D.L., Gardiner, R.H. and Shugart, H.H. Jr., 1981. Productivity of forest ecosystems 
studied during IBP: the woodlands data set. In: D.E. Reichle (Editor), Dynamic 
Properties of Forest Ecosystems. Cambridge University Press, London, UK, pp. 567-672.
Deblonde, G., Penner, M. and Royer, A., 1994. Measuring leaf area index with the LI-COR LAI- 
2000 in pine stands. Ecology, 75: 1507-1511.
Decei, I., 1981. Biomass of high productivity trees and young beech stands (Fagus sylvatica L.), 
Kyoto Biomass Studies. School of Forestry and Natural Resources, University of Maine, 
Orono, ME, pp. 125-128.
DeFries, R.S., Townshend, J.R.G. and Hansen, M.C., 1999. Continuous fields of vegetation 
characteristics at the global scale at 1km resolution. J. Geophys. Res., in press.
DeLucia, E.H. and Schlesinger, W.H., 1990. Ecophysiology of Great Basin and Sierra Nevada 
vegetation on contrasting soils. In; C.B. Osmond, L.F. Pitelka and G M . Hidy (Editors), 
Plant Biology of the Basin and Range. Springer-Verlag, New York, NY, pp. 143-178.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
192
DeLucia, E.H., Schlesinger, W.H. and Billings, W.D., 1988. Water relations and the maintenance 
of Sierran conifers on hydrothermally altered rock. Ecology, 69: 303-311.
Dentener, F J . and Crutzen, P J ., 1993. Reaction of N205 on tropospheric aerosols: Impact on the 
global distributions of NOx, O3, and OH. J. Geophys. Res., 98: 7149-7163.
Dentener, F.J. and Crutzen, P J ., 1994. A three-dimensional model of the global ammonia cycle.
J. Atmos. Chem., 19: 331-369.
Dice, S.F., 1970. The biomass and nutrient flux in a second growth douglas-fir ecosystem. 
University of Washington, Seattle, WA.
Dickinson, C.E. and Dodd, J.L., 1976. Phonological patterns in the short grass prairie. Am. Midi. 
Nat., 96: 367-378.
Diemer, M., Komer, C. and Prock, S., 1992. Leaf life spans in wild perennial herbaceous plants: a 
survey and attempts at a functional interpretation. Oecologia, 89: 10-16.
Donita, N., Bindlu, C. and Mocanu, V., 1981. In: D.E. Reichle (Editor), Dynamic Properties of 
Forest Ecosystems. Cambridge University Press, New York, pp. 611-612.
Drew, A.P. and Running, S.W., 1975. Comparison of two techniques for measuring surface area 
of conifer needles. For. Sci., 22:231-232.
Drift, J.V., der„ 1974. Project Meerdink: production and decomposition of organic matter in an 
oak woodland. North Holland Publication Co., Amsterdam, Netherlands.
Drift, J.v.d., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, NY, pp. 607.
Droste zu Hiilshoff, Baron von, 1970. Struktur, biomasse und zuwachs eines alteren 
fichtenbestandes. Forstwiss. ZentBl., 89:162-171.
Dufrêne, E. and Bréda, N., 1995. Estimation of deciduous forest leaf area index using direct and 
indirect methods. Oecologia, 104: 156-162.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
193
Duncan, J., Stow, D., Franklin, J. and Hope, A., 1993. Assessing the relationship between spectral 
vegetation indices and shrub cover in the Jornada Basin, New Mexico. Int. J. Remote 
Sens., 14; 3395-3416.
Duvigneaud, P. and Froment, A., 1969. Recherches sur l'ecosystème forêt. Serie E. Forêts de
haute Belgique. Contribution No. 5. Eléments biogènes de l'édaphotope et phytocénose 
forestière. Bull. Inst. Nat. Belg., 45: 1-48.
Duvigneaud, P. and Kestemont, P., 1977. Productivité biologique en Belgique. Ministère de 
l'Education Nationale et de la Culture Française et par het Ministerie van Nationale 
Opvoeding en Nederlandse Cultuur.
Duvigneaud, P., Kestemont, P. and Ambroes, P., 1971. Productivité primaire des forêts tempérés 
d'essences feuillues caducifolices en Europe occidentale. In: P. Duvigneaud (Editor), 
Productivity o f Forest Ecosystems. UNESCO, Paris, France, pp. 259-270.
Dymond, J R., Stephens, P R., Newsome, P.F. and Wilde, R.H., 1992. Percentage vegetation 
cover of a degrading rangeland from SPOT. Int. J. Remote Sens., 13: 1999-2007.
Eastman, P.A.K. and Camm, E.L., 1995. Regulation of photosynthesis in interior spruce during 
water stress. Tree Physiol., 15: 229-235.
Edmonds, R.L., 1980. Litter decomposition and nutrient release in Douglas-fir, red alder, western 
hemlock, and Pacific silver fir ecosystems in western Washington. Can. J. For. Res., 10: 
327-337.
Edmonds, R.L., 1984. Long-term decomposition and nutrient dynamics In Pacific silver fir 
needles in western Washington. Can. J. For. Res., 14: 395-400.
Edmonds, R.L., 1987. Decomposition rates and nutrient dynamics in small-diameter woody litter 
in four forest ecosystems in Washington, U.S.A. Can. J. For. Res., 17:499-509.
Ehleringer, J R. and Cook, C.S., 1984. Photosynthesis in Encelia farinosa Gray in response to 
decreasing leaf water potential. Plant Physiol.(75).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
194
Ellenberg, H., 1971. Integrated experimental ecology. Methods and results o f ecosystem research 
in the German Soiling project. Springer-Verlag, New York, NY.
Ellenberg, H., 1981a.. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, pp. 666-668.
Ellenberg, H., 1981b.. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, pp. 669-671.
Ellenberg, H., Mayer, R. and Schauermann, J. (Editors), 1986. Okosystemforschung Ergebnisse 
des Sollingprojekts 1966-1986. Eugen Ulmer, Stuttgart, Germany.
Ellsworth, D.S. and Reich, P.B., 1992a. Leaf mass per area, nitrogen content and photosynthetic 
carbon gain in Acer saccharum seedlings in contrasting forest light environments. 
Functional Ecology, 6: 423-435.
Ellsworth, D.S. and Reich, P.B., 1992b. Water relations and gas exchange of Acer saccharum 
seedlings in contrasting natural light and water regimes. Tree Physiol., 10: 1-20.
Ellsworth, D.S. and Reich, P.B., 1993. Canopy structure and vertical patterns of photosynthesis 
and related leaf traits in a deciduous forest. Oecologia, 96: 169-178.
Epron, D. and Dreyer, E., 1993. Photosynthesis of oak leaves under water stress: maintenance of 
high photochemical efficiency of photosystem II and occurrence o f non-uniform CO? 
assimilation. Tree Physiol., 13: 107-117.
Evenari, M., 1985. The desert environment. In: M. Evenari, I. Noy-Meir and D.W. Goodall
(Editors), Ecosystems of the World 12A: Hot Deserts and Arid Shrublands. Ecosystems 
of the World. Elsevier, New York, pp. 1-22.
Fahey, T J . and et al, 1978. Root decomposition and nutrient flux following whole-tree harvest of 
northern hardwood forest. For. Sci., 34: 744-768.
Fahey, T J ., Yavitt, J.B. and Pearson, J.A., 1985. The nitrogen cycle in lodgepole pine forests, 
southeastern Wyoming. Biogeochemistry, 1:257-275.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
195
Fan, S., M. et al., 1998. A large terrestrial carbon sink in North America implied by atmospheric 
and oceanic CO? data and models. Science, 282: 442-446.
Farquhar, G.D., von Caemmerer, S. and Berry, JA ., 1980. A biochemical model of 
photosynthetic COi assimilation in leaves of C3 species. Planta, 149: 78-90.
Fassnacht, K.S., Gower, S.T., Norman, J.M. and McMurtie, R.E., 1994. A comparison of optical 
and direct methods for estimating foliage surface area index in forests. Agric. For. 
Meteorol., 71: 183-207.
Field, C., Merino, J. and Mooney, H.A., 1983. Compromises between water-use efficiency and 
nitrogen-use efficiency in five species of California evergreens. Oecologia, 60: 384-389.
Field, C. and Mooney, H.A., 1983. Leaf age and seasonal effects on light, water and nitrogen use 
efficiency in a California (USA) shrub. Oecologia, 56: 348-355.
Fogel, R., 1983. Root turnover and productivity of coniferous forests. Plant and Soil, 71: 75-85.
Ford, E.D. and Newbould, P.J., 1970. Stand structure and dry weight production through the 
sweet chestnut (Castanea sativa Mill.) coppice cycle. J. Ecol., 58: 275-296.
Ford, E.D. and Newbould, P J., 1971. The leaf canopy of a coppiced deciduous woodland. J. 
Ecol., 59: 843-862.
Forrest, W.G., 1973. Biological and economic production in radiata pine plantations. J. Appl. 
Ecol., 10: 259-267.
Forrest, W.G. and Ovington, J.D., 1970. Organic matter changes in an age series of Pinus radiata 
plantations. J. Appl. Ecol., 7: 177-186.
Foster, J.R. and Smith, W.K., 1991. Stomatal conductance patterns and environment in high 
elevation phreatophytes of Wyoming. Can. J. Bot., 69:647-655.
Franco, A C., de Soyza, A.G., Virginia, R.A., Reynolds, J.F. and Whitford, W.G., 1994. Effects 
o f plant size and water relations on gas exchange and growth of the desert shrub Larrea 
tridentata. Oecologia, 97:171-178.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
196
Franks, P J ., Cowan, I.R. and Farquhar, G.D., 1997. The apparent feedforward response of
stomata to air vapour pressure deficit: information revealed by different experimental 
procedures with two rainforest trees. Plant, Cell Environ., 20: 142-145.
Fujimori, T., 1971. Primary production of a young Tsuga heterophylla stand and some
speculation about biomass of forest communities on the Oregon coast. PNW-123, USDA 
Forest Service.
Fujimori, T., Kawanabe, S., Saito, H., Grier, C.C. and Shidei, T., 1976. Biomass and primary
production in forests of three major vegetation zones of the north-western United States.
J. Jap. For. Soc., 58: 360-373.
Fung, I. et al., 1997. Carbon 13 exchanges between the atmosphere and biosphere. Global 
Biogeochem. Cycles, 11:507-533.
Fyles, J.W. and McGill, W.B., 1987. Decomposition of boreal forest litters from central Alberta 
under laboratory conditions. Can. J. For. Res., 17: 109-114.
Gallardo, A. and Merino, J., 1993. Leaf decomposition in two Mediterranean ecosystems of 
southwest Spain: influence of substrate quality. Ecology, 74(1): 152-161.
Gallego, H.A., Rico, M., Moreno, G. and Santa Regina, I., 1994. Leaf water potential and
stomatal conductance in Quercus pyrenaica Willd. forests: vertical gradients and response 
to environmental factors. Tree Physiol., 14: 1039-1047.
Gandar, M.V., 1982. Trophic ecology and plant/herbivore energetics. In: W.D. Billings, F.
Golley, O.L. Lange, J.S. Olson and H. Remmert (Editors), Ecology of Tropical Savannas. 
Ecological Studies: Analysis and Synthesis. Springer-Verlag, New York, pp. 514-534.
Gamier, E., Cordonnier, P., Guillerm, J.-L. and Soniér, L., 1997. Specific leaf area and nitrogen 
concentration in annual and perennial grass species growing in Mediterranean old-fields. 
Oecologia, 111:490-498.
Gash, J.H.C., Lloyd, C.R. and Lachaud, G., 1995. Estimating sparse forest rainfall interception 
with an analytical model. J. Hydrol., 170; 79-86.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
197
Gausman, H.W., Everitt, J.H. and Escobar, D.E., 1979. Seasonal nitrogen concentration and 
reflectance of seven woody plant species. Journal Rio Grande Valley Horticultural 
Society, 33: 101-104.
Gazarini, L.C., Araujo, M.C.C., Borralho, N. and Pereira, J.S., 1990. Plant area index in
Eucalyptus globulus plantations determined indirectly by a light interception method. 
Tree Physiol., 7: 107-113.
Gholz, H.L., 1982. Environmental limits on aboveground net primary production, leaf area, and 
biomass in vegetation zones of the Pacific Northwest. Ecology, 63: 469-481.
Gholz, H.L., Fitz, F. and Waring, R.H., 1976. Leaf area differences associated with old-growth 
forest communities in the western Oregon Cascades. Can. J. For. Res., 6: 49-57.
Gholz, H.L., Grier, C.C., Campbell, A.G. and Brown, A.T., 1979. Equations for estimating
biomass and leaf area of plants in the Pacific Northwest. 41, Forest Research Laboratory, 
Oregon State University, Corvallis, OR.
Gholz, H.L., Hendry, L.C. and Croppper, W .PJ., 1986. Organic matter dynamics of fine roots in 
plantations o f slash pine (Pinus elliottit) in north Florida. Can. J. For. Res., 16: 529-538.
Gholz, H.L., Perry, C.S., Cropper, W.P., Jr. and Hendry, L.C., 1985. Litterfall, decomposition, 
and nitrogen and phosphorous dynamics in a chronosequence o f slash pine (Pinus 
elliottii) plantations. Forest Sci., 31(2): 463-478.
Gilbert, O. and Bocock, K.L., 1960. Changes In leaf litter when placed on the surface of soils
with contrasting humus types, n. Changes in the nitrogen content of oak and ash litter. J. 
Soil Sci., 11: 10-13.
Goldstein, G ü . ,  Brubaker, L.B. and Hinckley, T.M., 1985. Water relations of white spruce
(Picea glauca (Moench) Voss) at tree line in north central Alaska. Can. J. For. Res., 15: 
1080-1087.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
198
Gollan, T., Turner, N.C. and Schulze, E.-D., 1985. The responses of stomata and leaf gas 
exchange to vapor pressure deficits and soil water content HI. In the sclerophyllous 
woody species Nerium oleander. Oecologia, 65; 356-362.
Gordon, A.G., 1981. In; D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, pp. 576-579.
Gosz, J.R. and 1980, 1980. Biomass distribution and production budget for a non-aggrading 
forest ecosystem. Ecology, 61: 507-514.
Gosz, J.R., Likens, G.E. and Bormann, F.H., 1972. Nutrient content of litterfall in the Hubbard 
Brook Experimental Forest, New Hampshire. Ecology, 53: 769-784.
Gosz, J R., Likens, G.E. and Bormann, F.H., 1973. Nutrient release from decomposing leaf and 
branch litter in the Hubbard Brook Forest, New Hampshire. Ecol. Monogr., 43: 173-191.
Goulden, M L., Munger, J.W., Fan, S.-M., Daube, B.C. and Wofsy, S.C., 1996. Exchange of
carbon dioxide by a deciduous forest: response to interannual climate variability. Science, 
271: 1576-1578.
Gower, S T., 1987. A comparison of above-ground productivity and carbon and nutrient
allocation patterns of a deciduous (Larix occidentalis) and an evergreen (Pinus contorta) 
conifer in the east slopes of the Washington Cascades, University of Washington, Seattle, 
WA.
Gower, S.T., Grier, C.C., Vogt, D J. and Vogt, K.A., 1987. Allometric relations of deciduous
(Larix occidentalis) and evergreen conifers (Pinus contorta and Pseudotsuga menziesii) 
of the Cascade Mountains in central Washington. Can. J. For. Res., 17:630-634.
Gower, S.T. and Norman, J.M., 1991. Rapid estimation of leaf area index in conifer and broad- 
leaf plantations. Ecology, 72: 1896-1900.
Gower, S.T. and Richards, J.H., 1990. Larches: deciduous conifers in an evergreen world. 
Bioscience, 40: 818-826.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
199
Gower, S.T. and Son, Y., 1992. Difference in soil and leaf litterfall nitrogen dynamics for five 
forest plantations. Soil Sci. Soc. Am. J., 56: 1959-1966.
Gower, S.T., Vogt, K.A. and Grier, C.C., 1992. Carbon dynamics of Rocky Mountain Douglas- 
fir: influence of water nutrient availability. Ecol. Monogr., 62: 43-65.
Greco, S. and Baldocchi, D.D., 1996. Seasonal variations of CO? and water vapour exchange 
rates over a temperate deciduous forest. Global Change Biol., 2: 183-197.
Grier, C.C., 1976. Biomass, productivity and nitrogen-phosphorous cycles in hemlock-spruce 
stands of the central Oregon coast. Western Hemlock Management. University of 
Washington, College of Forest Resources, Seattle, WA, pp. 71-87.
Grier, C.C., 1978. A Tsuga heterophylla - Picea sitchensis ecosystem of coastal Oregon: 
decomposition and nutrient balances of fallen logs. Can. J. For. Res., 8: 198-206.
Grier, C.C., Cole, D.W., Dymess, C.T. and Fredriksen, R.L., 1974. Nutrient cycling in 37- and 
450-year-old Douglas fir ecosystems. Integrated Research in the Coniferous Forest 
Blome. US/IBP Bulletin. University of Washington, Seattle, WA, pp. 21-36.
Grier, C.C. and Milne, W.A., 1981. Regression equation for calculating component biomass of 
young Abies amabilis (Dougl.) Forbes. Can. J. For. Res., 11: 184-187.
Grier, C.C., Vogt, K.A., Keyes, M.R. and Edmonds, R.L., 1981. Biomass distribution and above- 
and below-ground production in young and mature Abies amabilis zone ecosystems of 
the Washington Cascades. Can. J. For. Res., 11: 155-167.
Groeneveld, D.P., 1997. Vertical point quadrant sampling and an extinction factor to calculate 
leaf area index. J. Arid. Env., 36:475-485.
Grover, H.D. and Musick, H.B., 1990. Shrub land encroachment in southern New Mexico, USA: 
an analysis of desertification in the American Southwest. Clim. Change, 17: 305-330.
Guehl, JM ., 1991. Sensitivity of leaf gas exchange to atmospheric drought, soil drought, and 
water-use efficiency in some Mediterranean Abies species. Can. J. For. Res., 21:1507- 
1515.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 0 0
Hacke, U. and Sauter, J J . ,  1995. Vulnerability of xylem to embolism in relation to leaf water
potential and stomatal conductance in Fagus sylvatica f. and Populus balsamifera. J. Exp. 
Bot., 46: 1177-1183.
Hanley, D.P., 1976. Tree biomass and productivity estimated for three habit types of northern 
Idaho. 14, College of Forestry. Wildlife and Range Management, University of Idaho, 
Moscow, ED.
Hansen, J., Lacis, A., Ruedy, R. and Sato.M., 1992. Potential climate impact of Mount Pinatubo 
eruption. Geophys. Res. Lett., 21: 1-15.
Hansen, M.C., DeFries, R.S., Townshend, J.R.G. and Sohlberg, R., 1999. Global land cover 
classification at 1km spatial resolution using a classification tree approach,. Int. J.
Remote Sens., in press.
Harmon, M.E. et a!., 1986. Ecology of Coarse Woody Debris in Temperate Ecosystems. Adv. 
Ecol. Res., 15: 133-302.
Harris, W.F., Goldstein, R.A. and Henderson, G.S., 1973. Analysis of forest biomass pools, 
annual primary production and turnover of biomass for a mixed deciduous forest 
watershed, lUFRO Biomass Studies. University of Maine, Orono, ME, pp. 43-64.
Harris, W.F. and Henderson, G.S., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest 
Ecosystems. Cambridge University Press, New York, NY, pp. 658-661.
Harris, W.F., Kinerson, R.S. and Edwards, N.T., 1977. Comparison of belowground biomass of 
natural deciduous forest and loblolly pine plantations. Pedobiologia, 17: 369-381.
Hart, S.C., Firestone, M.K. and Paul, E.A., 1992. Decomposition and nutrient dynamics of
ponderosa pine needles in a Mediterranean-type climate. Can. J. For. Res., 22: 306-314.
Hatiya, K., Doi, K. and Kobayashi, R., 1965. Analysis of the growth of Japanese red pine (Pinus 
densiflora) stands. Bull. Govt. Forest Exp. Sm. Tokyo, 176: 75-88.
Hayes, D C. and Seastedt, T.R., 1987. Root dynamics of tallgrass prairie in wet and dry years. 
Can. J. Bot., 65: 787-791.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
201
Heilman, P.E. and Fu-Guang, X., 1994. Effects of nitrogen fertilization on leaf area, light
interception, and productivity of short-rotation Populus trichocarpa x Populus deltoïdes 
hybrids. Can. J. For. Res., 24: 166-173.
Herbel, C H., Ares, F.N. and Wright, R.A., 1972. Drought effects on a semi-desert grassland 
range. Ecology, 53: 1084-1093.
Hicks, S.K. and Lascano, R J., 1995. Estimation of leaf area index for cotton canopies using the 
LI-COR LAI-2000 plant canopy analyzer. Agronomy J., 87: 458-464.
Hirose, T., Ackerly, D.D., Traw, M.B., Ramseier, D. and Bazzaz, F.A., 1997. C0% elevation, 
canopy photosynthesis, and optimal leaf area index. Ecology, 78(8): 2339-2350.
Hirose, T., Werger, M J.A ., Pons, T.L. and van Rheenen, J.W.A., 1988. Canopy structure and leaf 
nitrogen distribution in a stand of Lysimachia vulgaris L. as influenced by stand density. 
Oecologia, 77: 145-150.
Hogan, K.P., Smith, A.P., Araus, J.L. and Saavedra, A., 1994. Ecotypic differentiation of gas
exchange responses and leaf anatomy in a tropical forest understory shrub from areas of 
contrasting rainfall regimes. Tree Physiol., 14: 819-831.
Holben, B.N., 1986. Characteristics of the maximum-value composite images from temporal 
AVHRR data. Int. J. Remote Sens., 7: 1417-1434.
Holbrook, N.M., Whitbeck, J.L. and Mooney, H.A., 1995. Drought responses of neotropical dry 
forest trees. In: S.H. Bullock, H.A. Mooney and E. Medina (Editors), Seasonally Dry 
Tropical Forests. Cambridge University Press, New York, pp. 243-276.
Holm, E. and Jensen, V., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest 
Ecosystems. Cambridge University Press, New York, pp. 581.
Houghton, R.A., Davidson, E.A. and Woodwell, G.M., 1998. Missing sinks, feedbacks, and 
understanding the role of terrestrial ecosystems in the global carbon balance. Global 
Biogeochem. Cycles, 12(1): 25-34.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20 2
Huete, A.R., Hua, G., Qi, J., Chehbouni, A. and Van Leeuwem, W J.D .G ., 1992. Normalization 
of multidirectional red and NIR reflectances with the SAVI. Remote Sens. Environ., 41: 
143-154.
Hughes, M.K., 1969. Investigations of the ecosystem energetics of an English woodland.
University of Durham, Durham, England.
Hughes, M.K., 1971. Tree biocontent, net production and litterfall in a deciduous woodland.
Oikos, 22: 62-73.
Hunt, E.R., Jr. et al., 1996. Global net carbon exchange and intra-annual atmospheric COi 
concentrations predicted by an ecosystem process model and three-dimensional 
atmospheric transport model. Global Biogeochem. Cycles, 10(3): 431-456.
Hunt, H.W., Ingham, E.R., Coleman, D C., Elliott, E.T. and Reid, C.P.P., 1988. Nitrogen
limitation of production and decomposition in prairie, mountain meadow, and pine forest. 
Ecology, 69(4): 1009-1016.
Hyttebom, H., 1975. Deciduous woodland at Andersby, eastern Sweden. Above-ground tree and 
shrub production. Acta Phytogeogr. Suec., 61.
Igboanugo, A.B., 1996. Stomatal resistance, respiration and net photosynthesis in sun and shade 
leaves of Quercus petraea and Nothofagus procera seedlings. Nigerian J. Bot., 9-10: 15- 
24.
Intergovernmental Panel on Climate Change (IPCC), 1995. Climate Change 1995: The Science of 
Climate Change. Cambridge University Press, Cambridge.
Jain, S.K., 1971. Production studies in some grasslands of Sagar, Saugar University, Sagar.
Jakus, P., 1981. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. Cambridge 
University Press, New York, pp. 586.
Jarvis, P.G. and McNaughton, 1986. Stomatal control of transpiration: Scaling up from leaf to 
region. Adv. Ecol. Res., 15: 1-49.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
203
Jenkin, J.F., 1975. Macquarie Island, Subantarctic. In: T. Rosswall and O.W. Heal (Editors), 
Structure and Function of Tundra Ecosystems. Swedish Natural Science Research 
Council, Stockholm, Sweden, pp. 375-397.
Johnson, F.L. and Risser, P.O., 1974. Biomass, annual net primary production, and dynamics of 
six mineral elements in a Post oak - Blackjack oak forest. Ecology, 55: 1246-1258.
Johnson, N.C. and Wedin, D.A., 1997. Soil carbon, nutrients, and mycorrhizae during conversion 
of dry tropical forest to grassland. Ecol. Appl., 7: 171-182.
Jonasson, S., Medrano, H. and Flexas, J., 1997. Variation in leaf longevity of Pistacia lentiscus 
and its relationship to sex and drought stress inferred from leaf 0*  ̂C. Functional Ecol., 
11:282-289.
Jones, H.G., 1992. Plants and Microclimate. University Press, Cambridge, 428 pp.
Jose, S. and Gillespie, A.R., 1996. Aboveground production efficiency and canopy nutrient
contents of mixed-hardwood forest communities along a moisture gradient in the central 
United States. Can. J. For. Res., 26: 2214-2223.
Joslin, J.D. and Henderson, G.S., 1987. Organic matter and nutrients associated with fine root 
turnover in a white oak stand. Forest Sci., 33: 330-346.
Kakubari, Y., 1977. Beech forests in the Naeba Mountains: Distribution of primary productivity 
along the altitudinal gradient. In: T. Shidei and T. Kira (Editors), Primary Productivity in 
Japanese Forests. JIBP Synthesis. University of Tokyo Press, Tokyo, Japan.
Kaldy, J.E. and Dunton, K.H., 1999. Ontogenetic photosynthetic changes, dispersal and survival 
of Thalassia testudinum (turtle grass) seedlings in a sub-tropical lagoon. J. Exp. Marine 
Biol. Ecol., 240: 193-212.
Karl, T.R., Williams, C.N. and Quinlan, F.T., 1990. United States Historical Climatology
Network (HCN) serial temperature and precipitation data. ORNL/CDIAC-30, NDP-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
204
019/R l, Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, 
Oak Ridge, TN.
Kawahara, T. et al., 1979. Productivity and cycling or organic matter in natural Fagus crenata 
and two planted Chamaecyparis obtusa forests. Jap. J. Ecol., 29; 387-395.
Keane, M.G. and Weetman, G.F., 1987. Leaf area-sapwood cross-sectional area relationships in 
repressed stands of lodgepole pine. Can. J. For. Res., 17:205-209-.
Keeling, C D., 1994. Global historical C0% emissions. In: T.A. Boden, D P. Kaiser, R J . Sepanski 
and F.W. Stoss (Editors), Trends '93: A Compendium of Data on Global Change. Oak 
Ridge National Laboratory, Oak Ridge, TN, pp. 501-504.
Keeling, C D., Chin, J.F.S. and Whorf, T.P., 1996. Increased activity of northern vegetation 
inferred from atmospheric CO: measurements. Nature, 382: 146-149.
Kelliher, F.M., Leuning, R., Raupach, M.R. and Schulze, E.-D., 1995. Maximum conductances 
for evaporation from global vegetation types. Agric. For. Meteorol., 73: 1-16.
Kelliher, F.M., Whitehead, D. and Pollock, D.S., 1992. Rainfall interception by trees and slash in 
young Pinus radiata D. Don stands. J. Hydrol., 131: 187-204.
Kellomaki, S. and Wang, K.-Y., 1997. Effects of elevated O3 and CO: concentrations on
photosynthesis and stomatal conductance in Scots pine. Plant, Cell Environ., 20: 995- 
1006.
Kern, J.S., 1994. Spatial patterns of soil organic carbon in the contiguous United States. Soil Sci. 
Soc. Am. J., 58(2): 439-555.
Kern, J.S., 1995. Geographic patterns of Soil water-holding capacity in the contiguous United 
States. Soil Sci. Soc. Am. J., 59: 1126-1133.
Kersteins, G., 1995. Cuticular water permanence o f European trees and shrubs grown in polluted 
and unpolluted atmospheres, and its relation to stomatal response to humidity in beech 
(Fagus sylvatica L.). New Phytologist, 129:495-503.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
205
Kestemont, P., 1971. Productivité primaire des taillis simples et concept de nécromasse. In: P. 
Duvigneaud (Editor), Productivity of Forest Ecosystems. UNESCO, Paris, France, pp. 
271-279.
Kestemont, P., 1975. Biomasse, nécromasse et productivité aériennes ligneuses de quelques 
peuplements forestiers en Belgique, Free University of Brussels, Brussels, Belgium. 
Keyes, M.R. and Grier, C.C., 1981. Above- and below-ground net production in 40-year-old 
Douglas-fir stands on low and high productivity sites. Can. J. For. Res., 11: 599-605. 
Kimball, J.S., Thornton, P.E., White, M.A. and Running, S.W., 1997a. Simulating forest
productivity and surface-atmosphere carbon exchange in the BOREAS study region. Tree 
Physiol., 17: 589-599.
Kimball, J.S., White, M.A. and Running, S.W., 1997b. BIOME-BGC simulations of stand 
hydrologie processes for BOREAS. J. Geophys. Res., 102(D24): 29043-29051.
Kimmins, J.P. and Hawkes, B.C., 1978. Distribution and chemistry of fine roots in a white
spruce-subalpine fir stand in British Columbia: Implication for management. Can. J. For. 
Res., 8 : 256-279.
Kimura, M., 1963. Dynamics of vegetation in relation to soil development in northern 
Yatsugataki mountains. Jap. J. Bot., 18: 255-287.
Kimura, M., 1969. Ecological and physiological studies on the vegetation on Mount Shimagare. 
V n  analysis of production processes of young stand based on the carbohydrate economy. 
Bot. Mag., Tokyo, 82: 6-19.
Kimura, M., Mototani, I. and Hogetsu, K., 1968. Ecological and physiological studies on the 
vegetation on Mount Shimagare. VI Growth and dry matter production of young Abies 
stands. Bot. Mag., Tokyo, 81: 287-296.
Kinerson, R.S., Ralston, C.W. and Wells, C.G., 1977. Carbon cycling in a loblolly pine 
plantation. Oecologia, 29: 1-10.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
206
Kirkman, L.K. and Sharitz, R.R., 1993. Growth in controlled water regimes of three grasses
common in freshwater wetlands of the southeastern U.S. Aquatic Botany, 44: 345-359.
Kitazawa, Y., 1981.. In: D.E. Reichle (Editor), Dynamic Properties of Forest Ecosystems. 
Cambridge University Press, New York, pp. 603.
Kittel, T.G.F., Rosenbloom, N.A., Fisher, H.H., Schimel, D.S. and VEMAP2, 1999a. The 
VEMAP Phase 2 dataset: Ü. Gridded transient bioclimate change scenarios for the 
conterminous United States and Alaska. Clim. Res., in preparation.
Kittel, T.G.F. et al., 1997. A gridded historical (1895-1993) bioclimate dataset for the
conterminous United States, 10th Conference on Applied Climatology, Reno, NV. 
American Meteorological Society, Boston, pp. 219-222.
Kittel, T.G.F. et al., 1999b. The VEMAP Phase 2 dataset: I. A gridded historical (1895-1993) 
bioclimate dataset for the conterminous United States and Alaska. Clim. Res., in 
preparation.
Klaassen, W., Lankreijer, H J.M . and Veen, A.W.L., 1996. Rainfall interception near a forest 
edge. J. Hydrol., 185: 349-361.
Kloeppel, B.D., Gower, S T., Treichel, I.W. and Kharuk, S., 1998. Foliar carbon isotope
discrimination in Larix species and sympatric evergreen conifers: a global comparison. 
Oecologia, 114: 153-159.
Knapp, A.K., 1985. Effect of fire and drought on the ecophysiology of Andropogon gerardii and 
Panicum virgatum in a tallgrass prairie. Ecology, 66: 1309-1320.
Koch, G.W., Amthor, J.S. and Goulden, M.L., 1994. Diurnal patterns of leaf photosynthesis,
conductance and water potential at the top o f a lowland rain forest canopy in Cameroon: 
measurements from the Radeau des Cimes. Tree Physiol., 14: 347-360.
Koerper, G J . and Richardson, C J., 1980. Biomass and net annual primary production regressions 
for Populus grandidenta in northern lower Michigan. CanJ. For. Res., 10:92-101.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
207
Kôraer, C., 1995. Leaf diffusive conductances in the major vegetation types of the globe. In: E.- 
D. Schulze and M.M. Caldwell (Editors), Ecophysiology of Photosynthesis. Springer- 
Verlag, New York, pp. 463-490.
Komer, C., Bannister, P. and Mark, A.F., 1986. Altitudinal variation in stomatal conductance,
nitrogen count, and leaf anatomy in different plant forms in New Zealand. Oecologia, 69: 
577-588.
Kozlowski, T.T., Kramer, P J . and Pallardy, S.G., 1991. The Physiological Ecology of Woody 
Plants. Academic Press, San Diego.
Kozlowski, T.T. and Pallardy, S.G., 1997. Physiology of Woody Plants. Academic Press, San 
Diego, 411 pp.
Krumlik, G J . and Kimmins, J.P., 1976. Biomass and nutrient distribution in two undisturbed 
forest ecosystems, 16th lUFRO World Congr. Norwegian For. Res. Inst., Norway, pp. 
92-103.
Kiichler, A.W., 1964. Potential natural vegetation of the conterminous United States, manual to 
accompany the map. Spec. Publ. 36, Am. Geogr. Soc., New York.
Kiichler, A.W., 1975. Potential natural vegetation of the United States, 2nd ed. map 1:3,168,000, 
Am. Geogr. Soc., New York.
Kudo, G., 1995. Leaf traits and shoot performance of an evergreen shrub. Ledum palustre ssp. 
decumbens, in accordance with latitudinal change. Can. J. Bot., 73: 1451-1456.
Kuehn, G.D. and McFadden, B.A., 1969. Ribulose 1,5-diphosphate carboxylase from
Hydrogenomonas eutropha and Hydrogenomonas facilis. II. Molecular weight, subunits, 
composition, and sulfhydryl groups. Biochemistry Journal, 8: 2403-2408.
Kull, O., Koppel, A. and Noormets, A., 1998. Seasonal changes in leaf nitrogen pools in two 
Salix species. Tree Physiol., 18:45-51.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
208
Kull, O. and Niinemets, Ü., 1993. Variations in leaf morphometry and nitrogen concentration in 
Betula pendula Roth., Corylus avellana L. and Lonicera xylosteum L. Tree Physiol., 12: 
31-318.
Kumar, A. and Joshi, M.C., 1972. The effect of grazing on the structure and productivity of 
vegetation near Pilani, Rajasthan, India. J. Ecology, 60: 665-675.
Lacey, C.J., Walker, J. and Noble, I.R., 1982. Fire in Australian tropical savannas. In: W.D. 
Billings, F. Golley, O.L. Lange, J.S. Olson and H. Remmert (Editors), Ecology of 
Tropical Savannas. Ecological Studies: Analysis and Synthesis. Springer-Verlag, New 
York, pp. 246-272.
Lajtha, K. and Barnes, F J ., 1991. Carbon gain and water use in pinyon pine-juniper woodlands of 
northern New Mexico: field versus phytotron chamber measurements. Tree Physiol., 9: 
59-67.
Lankreijer, H J.M ., Hendricks, M J .  and Klaassen, W., 1993. A comparison o f models simulating 
rainfall interception of forests. Agric. For. Meteorol., 64: 187-199.
Larcher, W., 1995. Physiological Plant Ecology. Springer-Verlag, Berlin Heidelberg.
Lavrenko, E.M. and Karamysheva, Z.V., 19. Steppes of the former Soviet Union. In: R.T.
Coupland (Editor), Natural Grasslands: Eastern Hemisphere and Resume. Ecosystems of 
the World. Elsevier, New York, pp. 3-59.
Law, B.E., 1994. Estimation of leaf area index and light intercepted by shrubs from digital 
videography. Remote Sens. Environ., 51:276-280.
Law, B E. and Waring, R.H., 1994. Remote sensing o f leaf area index and radiation intercepted 
by understory vegetation. Ecol. Appl., 4:272-279.
Lawson, G J., Cottam, G. and Loucks, O.L., 1981.. In: D.E. Reichle (Editor), Dynamic
Properties o f Forest Ecosystems. Cambridge University Press, New York, pp. 663-664.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
209
Leduc, C., Bromley, J. and Schroeter, P., 1997. Water table fluctuations and recharge in semi arid 
climate: some results of the HAPEX Sahel hydrodynamic survey (Niger). J. Hydrol., 
188/189: 123-138.
Lemée, G., 1978. La hêtraie naturelle de Fontainbleau. In: M. Lamotte and F. Bourlière (Editors), 
Problèmes d'Ecologie: Stracture et Fonctionnement des Ecosystèmes Terrestres. Masson, 
Paris, France, pp. 75-127.
Leverenz, J. et al., 1982. Systematic spatial variation of stomatal conductance in a Sitka (Picea 
sitchensis) spruce plantation. J. Appl. Ecol., 19: 835-852.
Levin, S.A., Mooney, H.A. and Field, C., 1989. The dependence of plant root:shoot ratios on 
internai nitrogen concentration. Annals of Botany, 64: 71-75.
Lewis, M., 1981. personal communication. Cited in Bliss, L. C., Heal, O. W., and Moore, J. J.,
Tundra Ecosystems: a comparative analysis, in The International Biological Programme, 
Vol. 25, Cambridge University Press, New York (1981).
Lewis Smith, R.I. and Walton, D.W.H., 1975. South Georgia, Subantarctic. In: T. Rosswall and 
O.W. Heal (Editors), Structure and function of tundra ecosystems. Swedish Natural 
Science Research Council, Stockholm, Sweden, pp. 399-423.
Li, H., Wen, Z., Huang, M. and Wang, M., 1997. A genetic study on characteristics of crown 
light interception in Populus deltoïdes. Can. J. For. Res., 27: 1465-1470.
LI-COR, 1992. LAI-2000 Plant Canopy Analyzer Operating Manual, LI-COR, Inc., Lincoln, 
Nebraska.
Linder, S. and Axelsson, B., 1982. Changes in carbon uptake and allocation patterns as a result of 
irrigation and fertilization in a young Pinus sylvestris stand. International Union Forest 
Research Organization (lUFRO) Workshop, Forest Research Laboratory, Oregon State 
University, Corvallis, OR.
Lindroth, A. and Perttu, D., 1981. Simple calculation o f extinction coefficient of forest stands. 
Agric. Meteorol., 25:97-110.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 1 0
Link, S O., Gee, G.W. and Downs, J i . ,  1990. The effect of water stress on phonological and 
ecophysiological characteristics of cheatgrass and Sandberg's bluegrass. J. Range 
Manag., 43; 506-513.
Loveland, T.R., Merchant, J.W., Ohlen, D O. and Brown, J.F., 1991. Development of a land-
cover characteristics database for the conterminous U.S. Photogrammetric Engineering & 
Remote Sensing, 57: 1453-1463.
Lutz, H.J. and Cline, A C., 1947. Results of the first thirty years of experimentation in silviculture 
in the Harvard Forest, 1908-1938. Part I: the conversion of stands of old field origin by 
various methods of cutting and subsequent cultural treatments. Harvard Univ. For. Bull., 
23.
Maass, J.M., Vose, JM ., Swank, W.T. and Martinez-Yrizar, A., 1995. Seasonal changes of leaf 
area index (LAI) in a tropical deciduous forest in west Mexico. Forest Ecol. Manag., 74: 
171-180.
Madgwick, H.A.I., 1962. Studies in the growth and nutrition of Pinus resinosa Ait., State 
University College of Forestry, Syracuse University, Syracuse, NY.
Madgwick, H.A.I., 1968. Seasonal changes in biomass and annual production of an old field 
Pinus virginiana stand. Ecology, 49: 149-152.
Madgwick, H.A.I., Jackson, D.S. and Knight, P J., 1977a. Above-ground dry matter, energy and 
nutrient contents of trees in an age series of Pinus radiata plantations. N. Z. J. For. Sci.,
7:445-468.
Madgwick, H.A.I., Jackson, D.S. and Knight, P J ., 1977b. Dry matter and nutrient data on Pinus 
radiata trees and stands. 84, N. Z. Forest Service, Forest Research Institute, Production 
Forestry Division.
Madgwick, H.A.I., White, E.H., Xydias, G.K. and Leaf, A.L., 1970. Biomass of Pinus resinosa in 
relation to potassium nutrition. Forest Sci., 16:154-159.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
211
Makino, A., Nakano, H. and Mae, T., 1994. Responses of ribulose-1,5-bisphosphate carboxylase, 
cytochrome f, and sucrose synthesis enzymes in rice leaves to leaf nitrogen and their 
relationships to photosynthesis. Plant Physiol., 105: 173-179.
Makino, A. et al., 1992. Distinctive responses of ribulose-1.5-bisphosphate carboxylase and
carbonic anhydrase in wheat leaves to nitrogen nutrition and their possible relationships 
to C O rtransfer resistance. Plant Physiol., 100: 1737-1743.
Malkonen, E., 1974. Annual primary production and nutrient cycle in some Scots pine stands. 
Commun. Inst. For. Fenn. (Helsinki), No. 84.
Malkonen, E., 1977. Annual primary production and nutrient cycle in a birch stand. Commun.
Inst. For. Fenn (Helsinki), 91.
Martens, S.N., Ustin, S.L. and Rousseau, R.A., 1993. Estimation of tree canopy leaf area index by 
gap fraction analysis. Forest Ecol. Manag., 61:91-108.
Maruyama, K., 1971. Effect of altitude on dry matter production of primeval Japanese beech 
forest communities in Naeba Mountains. Mem. Fac. Agric. Niigata Univ., 9: 87-171.
Maruyama, K., 1977. Beech forests in the Naeba Mountains. Comparison of forest structure
biomass and net primary productivity between the upper and lower parts of beech forest 
zone. In: T. Shidei and T. Kira (Editors), Primary Productivity in Japanese Forests. JEBP 
Synthesis. University of Tokyo Press, Tokyo, Japan, pp. 186-201.
Matsuda, Y., Kubota, F. and Agata, W., 1991. Analytical study on high productivity in Napier 
grass iPennisetum purpureum Schumach): 1. comparison of the characteristics o f dry 
matter production between Napier grass and com plants. J. Jap. Soc. Grass. Sci., 37: 150- 
156.
Matthews, E., 1983. Global vegetation and land use: new high-resolution data bases for climate 
studies. J. Climate Appl. Meteorol., 22:474-487.
Matyssek, R. and Schulze, E.-D., 1987. Heterosys in hybrid larch (Larix decidua x leptolepsis). I. 
the role o f leaf characteristics. Trees, 1: 219-224.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
212
McClaugherty, C.A., Aber, J.D. and Melillo, J.M., 1982. The role of fine roots in the organic 
matter and nitrogen budgets of two forested ecosystems. Ecology, 63: 1481-1490.
McClaugherty, C.A., Aber, J.D. and Melillo, J.M., 1984. Decomposition dynamics o f fine roots 
in forested ecosystems. Oikos, 42: 378-386.
McClaugherty, C.A., Pastor, J. and Aber, J.D., 1985. Forest litter decomposition in relation to soil 
nitrogen dynamics and litter quality. Ecology, 66(1): 266-275.
McGuire, A.D. et al., 1992. Interactions between carbon and nitrogen dynamics in estimating net 
primary productivity for potential vegetation in North America. Global Biogeochem. 
Cycles, 6(2): 101-124.
McGuire, A.D., Melillo, J.M., Kicklighter, D.W. and Joyce, L.A., 1995. Equilibrium responses of 
soil carbon to climate change: empirical and process-based estimates. J. Biogeography, 
22: 785-796.
Me William, A.-L.C. et al., 1993. Leaf area index and above-ground biomass of terra firme rain 
forest and adjacent clearings in Amazonia. Functional Ecology, 7: 310-317.
Meinzer, F.C., 1982. The effects of vapor pressure on stomatal control of gas exchange in 
Douglas fir {Pseudotsuga menziesiî) saplings. Oecologia, 54: 236-242.
Melillo, J.M., Aber, J., D. and Muratore, J.F., 1982. Nitrogen and lignin control of hardwood leaf 
litter decomposition dynamics. Ecology, 63(3): 621-626.
Menant, J.C. and Cesar, J., 1979. Structure and primary productivity of Lamto savannas. Ivory 
Coast. Ecology: 1197-1210.
Menzel, A. and Fabian, P., 1999. Growing season extended in Europe. Nature, 397: 659.
Milchunas, D.G. and Laurenroth, W.K., 1992. Carbon dynamics and estimates of primary 
productivity by harvest, 14C dilution, and 14C turnover. Ecology, 73:593-607.
Miller, H.G., Cooper, J.M. and Miller, J.D., 1976. Effect of nitrogen supply on nutrients in 
litterfall and crown leaching in a stand of Corsican pine. J. Appl. Ecol., 13: 233-248.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
213
Miller, H.G. and Miller, J.D., 1976. Effect of nitrogen supply on net primary production in 
Corsican pine. J. Appl. Ecol., 13: 249-256.
Miller, P.M., Eddleman, L.E. and Miller, J.M., 1993. Influence of vapor pressure deficit and soil 
moisture on gas exchange of Juniperus occidentalis. Northwest Science, 67: 147-155.
Minderman, G., 1967. Addition, decomposition and accumulation o f organic matter in forests. J. 
Ecol., 56: 355-362.
Misra, C.M., 1973. Primary productivity of a grassland ecosystem at Ujjain, Vikram University, 
Ujjain.
Mitchell, A.K. and Hinckley, T.M., 1993. Effects of foliar nitrogen concentration on
photosynthesis and water use efficiency in Douglas-fir. Tree Physiol., 12:403-410.
Miyaji, K.-I., Da Silva, W.S. and De T. Alvim, P., 1997. Longevity of leaves of a tropical tree, 
Theobroma cacao, grown under shading, in relation to position within the canopy and 
time of emergence. New Phytol., 135: 445-454.
Monsi, D.A., Isebrands, J.G., Dicmann, D.L. and N.D., N., 1953. Über den Lichtfaktor in den
pflanzengesellschaften und Seine Bedeutung ftir die stoff production. Jap. J. Bot., 29: 17- 
37.
Monteith, J.L., 1995. A reinterpretation of stomatal responses to humidity. Plant, Cell Environ., 
18: 357-364.
Mooney, H.A. and Chu, C., 1983. Stomatal responses to humidity o f coastal and interior 
populations of a California shrub. Oecologia, 57: 148-150.
Moorehead, D.L., Currie, W.S., Rastetter, E.B., Parton, W J. and Harmon, M.E., 1999. Climate 
and litter controls on decomposition: an analysis of modeling approaches. Global 
Biogeochem. Cycles, 13: 575-589.
Morgan, J.A. and Brown, R.H., 1983. Photosynthesis and growth o f bermudagrass (Cynodon 
dactylon cultivar Coastal). Crop Sci., 23: 347-352.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
214
Motovalli, P P., Palm, C.A., Parton, W J., Elliott, E.T. and Frey, S.D., 1994. Comparison of
laboratory and modeling simulation methods for estimating soil carbon pools in tropical 
forest soils. Soil Biol. Biochem., 26: 935-944.
Mtambanengwe, F. and Kirchmann, H., 1995. Litter from a tropical savanna woodland
(Miombo): chemical composition and C and N mineralization. Soil Biol. Biochem., 27: 
1639-1651.
M urphy, K .L., K lopatek, J.M . and K lopatek, C .C ., 1998. The effects o f litter quality  and 
clim ate on decom position along an elevational gradient. Ecol. A ppl., 8 : 1061- 
1071.
Myneni, R.B., Keeling, C.D., Tucker, C.J., Asrar, G. and Nemani, R.R., 1997. Increased plant 
growth in the northern high latitudes from 1981 to 1991. Nature, 386: 698-702.
Nadelhoffer, K J., Aber, J.D. and Melillo, J.M., 1985. Fine roots, net primary production, and soil 
nitrogen availability: A new hypothesis. Ecology, 66(4): 1377-1390.
Naidu, S.L., Sullivan, J.H., Teramura, A.H. and DeLucia, E.H., 1993. The effects o f ultraviolet-B 
radiation on photosynthesis of different aged needles in field-grown loblolly pine. Tree 
Physiol., 12: 151-162.
Naik, M.L., 1973. Ecological studies on some grasslands of Ambikapur, Saugar University, 
Sagar.
Nambiar, E.K.S., 1987. Do nutrients retranslocate from fine roots. Can. J. For. Res., 17: 917-918.
Neilson, R.P., 1993. Transient ecotone response to Clim. Change: Some conceptual and 
modelling approaches. Ecol. Appl., 3(3): 385-395.
Nemani, R., Pierce, L. and Running, S., 1993a. Forest ecosystem processes at the watershed
scale: sensitivity to remotely-sensed leaf area index estimates. Int. J. Rem. Sensing, 14: 
2519-2534.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
215
Nemani, R., Running, S.W., Band, L.E. and Peterson, D.L., 1993b. Regional hydroecological 
simulation system: an illustration o f the integration of ecosystem models in a GIS. In:
M.F. Goodchild, B.O. Parks and L.T. Steyaert (Editors), Environmental modeling with 
GIS. Oxford University Press, New York, pp. 296-304.
Nemani, R.R. and Running, S.W., 1989. Testing a theoretical climate-soil-leaf area hydrologie 
equilibrium of forests using satellite data and ecosystem simulation. Agric. For.
Meteorol., 44: 245-260.
Nemani, R.R. and Running, S.W., 1996. Implementation of a hierarchical global vegetation 
classification in ecosystem function models. J. Veg. Sci., 7: 337-346.
Nemeth, J.C., 1973a. Dry matter production in young loblolly {Pinus taeda L.) and slash pine 
{Pinus elliottii Engelm.) plantations. Ecol. Monogr., 43: 21-41.
Nemeth, J.C., 1973b. Forest biomass estimation: permanent plots and regression techniques,
lUFRO Biomass Studies. College of Life Sciences and Agriculture, University of Maine, 
Orono, ME, pp. 79-88.
Ni, B.-R. and Pallardy, S.G., 1991. Response of gas exchange to water stress in seedlings of 
woody angiosperms. Tree Physiol., 8: 1-9.
Nihlgard, B., 1972. Plant biomass, primary production and distribution of chemical elements in a 
beech and a planted spruce forest in south Sweden. Oikos, 23: 69-81.
Nihlgard, B. and Lindgren, L., 1977. Plant biomass, primary production and bio-elements o f three 
mature beech forests in south Sweden. Oikos, 28:95-104.
Nihlgard, B. and Lindgren, L., 1981.. In: DÆ. Reichle (Editor), Dynamic Properties of Forest 
Ecosystems. Cambridge University Press, New York, pp. 617-621.
Nobel, P.S., 1991. Physiochemical and Environmental Plant Physiology. Academic Press, San 
Diego, 635 pp.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
216
Norman, J.M. and Campbell, G.S., 1989. Canopy structure. In: R.W. Pearcy, J.R. Ehleringer,
H.A. Mooney and P.W. Rundel (Editors), Plant Physiological Ecology Field Methods and 
Instrumentation. Chapman and Hall, London, pp. 301-325.
Oberbauer, S.F., Strain, B.R. and Reichers, G.H., 1987. Field water relations of a wet tropical 
forest tree species, Pentaclethra macroloba (Mimosaceae). Oecologia, 71: 369-374.
Ogino, K., 1977. A beech forest at Ashiu - biomass, its increment and net production. In: T.
Shidei and T. Kira (Editors), Primary Productivity in Japanese Forests. JIBP Synthesis. 
University of Tokyo Press, Tokyo, Japan, pp. 172-186.
O'Hara, K.L. and Valappil, N.I., 1995. Sapwood-leaf area prediction equations for multi-aged 
ponderosa pine stands in western Montana and central Oregon. Can. J. For. Res., 25: 
1553-1557.
Olsvig-Whittaker, L., 1980. A comparative study of northeastern pine barrens vegetation, Cornell 
University, Ithaca, NY.
Osonubi, O. and Davies, W J., 1980. The influence of plant water stress on stomatal control of 
gas exchange at different levels of atmospheric humidity. Oecologia, 46: 1-6.
0stbye, E. and et al., 1975. Hardangervidda, Norway. In: T. Rosswall and O.W. Heal (Editors), 
Structure and function of tundra ecosystems. Swedish Natural Science Research Council, 
Stockholm, Sweden, pp. 225-264.
Ovington, J.D., Heitkamp, D. and Lawrence, D.B., 1963. Plant biomass and productivity of
prairie, savanna, oakwood and maize field ecosystems in central Minnesota. Ecology, 44: 
52-63.
Ovington, J.D. and Madgwick, H.A.I., 1959a. The growth and composition of natural stands of 
birch. I. Dry matter production. PI. Soil, 10: 271-283.
Ovington, J.D. and Madgwick, H.A.I., 1959b. The growth and composition of natural stands of 
birch, n. The uptake of nutrients. PI. Soil, 10: 389-4CX).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
217
Paavilainen, E., 1980. Effect of fertilization on plant biomass and nutrient cycling on a drained 
dwarf shrub pine swamp. Conun. Inst. Feim. For. (Helsinki), No. 98.
Pan, Y. et al., 1998. Modeled responses of terrestrial ecosystems to elevated atmospheric COi: a 
comparison of simulations by the biogeochemistry models o f the Vegetation/Ecosystem 
Modeling and Analysis Project (VEMAP). Oecologia, 114: 389-404.
Panshin, A.J. and de Zeeuw, C., 1980. Textbook of Wood Technology. McGraw-Hill, New York, 
NY.
Panshin, A.J., de Zeeuw, C. and Brown, H P., 1964. Textbook of W ood Technology, Vol. 1. 
McGraw-Hill, New York.
Parton, W J., Schimel, D.S., Cole, C.V. and Ojima, D.S., 1987. Analysis of factors controlling
soil organic matter levels in great plains grasslands. Soil Sci. Soc. Am. J., 51: 1173-1179.
Parton, W J. et al., 1993. Observations and modeling of biomass and soil organic matter dynamics 
for the grassland biome worldwide. Global Biogeochem. Cycles, 7(4): 785-809.
Parton, W J., Stewart, J.W.B. and Cole, C.V., 1988. Dynamics of C, N, P and S in grassland soils: 
a model. Biogeochemistry, 5: 109-131.
Pastor, J., Aber, J.D. and McClaugherty, C.A., 1984. Aboveground production and N and P 
cycling along a nitrogen mineralization gradient on Blackhawk Island, Wisconsin. 
Ecology, 65(1): 256-268.
Pastor, J. and Bockheim, J.G., 1981. Biomass and production of an aspen-mixed hardwood- 
spodosol ecosystem in northern Wisconsin. Can. J. For. Res., 11: 132-138.
Pastor, J. and Post, W M ., 1993. Linear regressions do not predict the transient responses of
eastern North American forests to COrinduced climate change. Clim. Change: 111-119.
Pickup, G., Chewings, V.H. and Nelson, D J ., 1993. Estimating changes in vegetation cover over 
time in arid rangelands using Landsat MSS data. Remote Sens. Environ., 43:243-263.
Pierce, L.L. and Running, S.W., 1988. Rapid estimation of coniferous forest leaf area index using 
a  portable integrating radiometer. Ecology, 69:1762-1767.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
218
Piper, S.C., 1995. Construction and description of a gridded global dataset of daily temperature 
and precipitation for terrestrial biospheric modelling. S.I.O. Reference Series No. 94-13, 
Scripps Institute of Oceanography, University of California, San Diego, San Diego.
Pollard, D.F.W., 1972. Above-ground dry matter production in three stands of trembling aspen. 
Can. J. For. Res., 2: 27-33.
Poorter, H. and Evans, J R., 1998. Photosynthetic nitrogen-use efficiency of species that differ 
inherently in specific leaf area. Oecologia, 116: 26-37.
Potter, C.S. et al., 1993. Terrestrial ecosystem production: a process model based on global 
satellite and surface data. Global Biogeochem. Cycles, 7(4): 811-841.
Prentice, I.C. et al., 1992. A global biome model based on plant physiology and dominance, soil 
properties and climate. J. Biogeography, 19: 117-134.
Priestley, C.H.B. and Taylor, R J., 1972. On the assessment of surface heat flux and evaporation 
using large-scale parameters. Monthly Weather Review, 100(2): 81-92.
Pugnaire, F.I., Haase, P. and Puigdefdbregas, J., 1996. Facilitation between higher plant species 
in a semiarid environment. Ecology, 77: 1420-1426.
Ralston, C.W., 1973. Annual primary productivity in a loblolly pine plantation, lUFRO Biomass 
Studies. College of Life Sciences and Agriculture, University of Maine, Orono, ME, pp. 
107-117.
Randerson, J.T., Thompson, M.V., Conway, T J ., Fung, I.Y. and Field, C.B., 1997. The
contribution of terrestrial sources and sinks to trends in the seasonal cycle of atmospheric 
carbon dioxide. Global Biogeochem. Cycles, 11:535-560.
Reed, B.C. et al., 1994. Measuring phenological variability from satellite imagery. J. Veg. Sci., 5: 
703-714.
Reich, P.B. and Hinckley, T.M., 1980. Water relations, soil fertility, and plant nutrient 
composition o f a pygmy oak ecosystem. Ecology, 61:400-416.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
219
Reich, P B., Kloeppel, B.D., Ellsworth, D.S. and Walters, M B., 1995. Different photosynthesis- 
nitrogen relations in deciduous hardwood and evergreen coniferous species. Oecologia,
104: 24-30.
Reich, P.B., Walters, M B. and Ellsworth, D.S., 1997. From tropics to tundra: global convergence 
in plant functioning. Proc. Natl. Acad. Sci. USA, 94: 13730-13734.
Reichle, D.E., Edwards, N.T., Harris, W.F. and Sollins, P., 1981.. In: D.E. Reichle (Editor),
Dynamic Properties of Forest Ecosystems. Cambridge University Press, New York, pp. 
657.
Reiners, W.A., 1972. Structure and energetics of three Minnesota forests. Ecology, 42: 71-94.
Reiners, W.A. and Reiners, N M ., 1970. Energy and nutrient dynamics of forest floors in three 
Minnesota forests. J. Ecol., 58: 497-519.
Richards, J.H., 1981. Ecophysiology of a deciduous timberline tree, Larix lyallii Pari., University 
of Alberta, Edmonton, Canada.
Ricotta, C. and A vena, G.C., 1997. Influence of meteorological conditions and topographic
parameters on the beech forest microclimate of Simbruini Mountains, central Italy. Int. J. 
Remote Sens., 18: 505-516.
Ritchie, J.C., Everitt, J.H., Escobar, D.E., Jackson, T J . and Davis, M.R., 1992. Airborne laser
measurements of rangeland canopy cover and distribution. J. Range Manag., 45: 189-193.
Rochow, J J ., 1974a. Estimates of above-ground biomass and primary productivity in a Missouri 
forest. J. Ecol., 62: 567-577.
Rochow, J J ., 1974b. Litterfall relations in a Missouri forest. Oikos, 25: 80-85.
Rochow, J J . ,  1975. Mineral nutrient pool and cycling in a  Missouri forest. J. Ecol., 63:985-994.
Roessler, R.G. and Monson, R.K., 1985. Midday depression in net photosynthesis and stomatal 
conductance in Yucca glauca. Relative contributions of leaf temperature and leaf-to-air 
water vapor concentration difference. Oecologia, 67: 380-387.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 2 0
Rosenzweig, M.L., 1968. Net primary productivity of terrestrial communities: prediction from 
climatological data. Americ. Naturalist, 102: 67-74.
Ross, D J .  and Tate, K.R., 1993. Microbial C and N, and respiratory activity, in litter and soil in a 
southern beech {Nothofagus) forest: distribution and properties. Soil Biol. Biochem., 
25(4): 477-483.
Running, S.W., 1976. Environmental control o f leaf water conductance in conifers. Can. J. For. 
Res., 6 : 104-112.
Running, S.W., 1980. Environmental and physiological control of water flux through Pinus 
contorta. Can. J. For. Res., 10: 82-91.
Running, S.W., 1984a. Documentation and preliminary validation of H20TRANS and 
DAYTRANS. Two models predicting transpiration and water stress in western 
coniferous forests. Rocky Mountain Forest and Range Experiment Station Research 
Paper RM-252, Fort Collins, CO.
Running, S.W., 1984b. Microclimate control of forest productivity: analysis by computer 
simulation of annual photosynthesis/transpiration balance in different environments. 
Agric. For. Meteorol., 32:267-288.
Running, S.W., 1994. Testing Forest-BGC ecosystem process simulations across a climatic 
gradient in Oregon. Ecol. Appl., 4(2): 238-247.
Running, S.W. and Coughlan, J.C., 1988. A general model of forest ecosystem processes for 
regional applications. I. Hydrological balance, canopy gas exchange and primary 
production processes. Ecol. Model., 42: 125-154.
Running, S.W. and Gower, S.T., 1991. FOREST BGC, A general model of forest ecosystem
processes for regional applications, ü . Dynamic carbon allocation and nitrogen budgets. 
Tree Physiol., 9: 147-160.
Running, S.W. and Hunt, E.R., Jr., 1993. Generalization o f a forest ecosystem process model for 
other biomes, BIOME-BGC, and an application for giobal-scale models. In: J R.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
221
Ehleringer and C.B. Field (Editors), Scaling physiological processes: leaf to globe. 
Academic Press, Inc., San Diego, pp. 141-157.
Ryan, M.G., 1991. Effects of climate change on plant respiration. Ecol. Appl., 1(2): 157-167.
Rydholm, S.A., 1965. Pulping Processes. Wiley, New York, NY.
Sampson, D A. and Allen, H.L., 1998. Light attenuation in a 14-year-old loblolly pine stand as 
influenced by fertilization and irrigation. Trees, 13: 80-87.
Sampson, D A. and Smith, F.W., 1993. Influence of canopy architecture on light penetration in 
lodgepole pine {Pinus contorta var. latifolia) forests. Agric. For. Meteorol., 64: 63-79.
Santantonio, D., Hermann, R.K. and Overton, W.S., 1977. Root biomass studies in forest 
ecosystems. Pedobiologia, 17: 1-31.
Satoo, T., 1970. A synthesis of studies by the harvest method: primary production relations in the 
temperate deciduous forests of Japan. In: D.E. Reichle (Editor), Analysis of Temperate 
Forest Ecosystems. Springer-Verlag, New York, pp. 55-72.
Satoo, T., 1971. Materials for the study of growth in stands. V m  primary production relations in 
plantations of Norway spruce in Jap. Bull. Tokyo Univ. For., 65: 125-142.
Satoo, T., 1973. Materials for the studies of growth of forest stands. XI Primary production
relations in a young plantation of Abies sachalinensis in Hokkaido. Bull. Tokyo Univ. 
For., 66: 127-137.
Satoo, T., 1974. Materials for the studies of growth in stands. EX. Primary production relations in 
a natural forest of Betula tnaximowicziana in Hokkaido. Bull. Tokyo Univ. For., 66: 109- 
117.
Satoo, T., Kunugi, R. and Kumekawa, A., 1956. Materials for the studies of growth in stands, m  
Amount of leaves and production of wood in an aspen {Populus davidiana) second 
growth in Hokkaido. Bull. Tokyo Univ. For., 52C): 33-51.
Scatena, F.N., 1990. Watershed scale rainfall interception on two forested watersheds in the 
Luquillo Mountains of Puerto Rico. J. Hydrol., 113: 89-102.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 2 2
Schaefer, D., Steinberger, Y. and Whitford, W.G., 1985. The failure o f nitrogen and lignin control 
of decomposition in a North American desert. Oecologia, 65: 382-386.
Schimel, D.S. et al., 1996. Climate and nitrogen controls on the geography and timescales of 
terrestrial biogeochemical cycling. Global Biogeochem. Cycles, 10(4): 677-692.
Schlesinger, W.H., 1978. Community structure, dynamic and nutrient cycling in the Okefenokee 
cypress swamp forest. Ecol. Monogr., 48: 43-65.
Schlesinger, W.H. et al., 1990. Biological feedbacks in global desertification. Science, 247: 1043- 
1048.
Schlesinger, W.H., 1985. Decomposition of chaparral shrub foliage. Ecology, 66(4): 1353-1359.
Schulze, E.-D., Kelliher, F.M., Komer, C., Lloyd, J. and Leaning, R., 1994. Relationships among 
maximum stomatal conductance, ecosystem surface conductance, carbon assimilation 
rate and plant nitrogen nutrition: A global ecology scaling exercise. Annu. Rev. Ecol.
Syst., 25: 629-660.
Schulze, E.-D., Lange, O.L., Buschbom, U., Kappen, L. and Evenari, M., 1972. Stomatal
responses to changes in humidity in plants growing in the desert. Planta108(259-270).
Schwartz, M.D., 1992. Phenology and springtime surface-layer change. Monthly Weather 
Review, 120: 2570-2578.
Schwartz, M.D., 1998. Green-wave phenology. Nature, 394(6696): 839-840.
Schwartz, M.D. and Marotz, G.A., 1988. Synoptic events and spring phenology. Physical 
Geography, 9: 151-161.
Seeman, J.R., 1989. Light adaptation/acclimation of photosynthesis and the regulation of
ribulose-1,5-bisphosphate carboxylase activity in sun and shade plants. Plant Physiol., 91: 
379-386.
Shankar, V., Shankamarayan, K.A. and Rai, P., 1973. Primary productivity, energetics and
nutrient cycling in Sehima-Heteropogon grassland. I. Seasonal variation in composition, 
standing crop and net production. Tropical Ecology, 14: 238-251.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
223
Shugart, H.H. and West, D C., 1977. Development of an Appalachian deciduous forest succession 
model and its application to the impact of the chestnut blight. Forest Sci., 5; 161-179.
Shugart, H.H. and West, D C., 1981. Long-term dynamics of forest ecosystems. American 
Scientist, 69: 647-652.
Sims, P.L. and Coupland, R.T., 1979. Producers. In: R.T. Coupland (Editor), Grassland
ecosystems of the world: analysis of grasslands and their uses. International Biological 
Programme. Cambridge University Press, New York, pp. 49-72.
Sinclair, T.R. and Knoer, K.R., 1982. Distribution of photosynthetically active radiation in the 
canopy of a loblolly pine plantation. J. Appl. Ecol., 19: 183-191.
Singer, F.J. and Harter, M.K., 1996. Comparative effects of elk herbivory and 1988 fires on 
northern Yellowstone National Park grasslands. Ecol. Appl., 6: 185-199.
Singh, A.K., 1972. Structure and primary net production and mineral contents of two grassland 
communities of Chakia Hill, Varanasi, Banaras Hindu University, Varanasi.
Singh, J.S. and Gupta, S R., 1993. Grasslands of southern Asia. In: R.T. Coupland (Editor), 
Ecosystems of the World 8B: Natural Grasslands. Ecosystems of the World. Elsevier, 
New York, pp. 83-123.
Singh, J.S., Singh, K.P. and Yadava, P.S., 1979. Ecosystem synthesis. In: R.T. Coupland (Editor), 
Grassland Ecosystems of the world: analysis of grasslands and their uses. International 
Biological Programme. Cambridge University Press, New York, pp. 231-239.
Singh, J.S. and Yadava, P.S., 1974. Seasonal variation in composition, plant biomass and net 
primary productivity of a tropical grassland at Kurukshetra, India. Ecol. Monogr., 44: 
351-375.
Skarpe, C., 1990. Shrub layer dynamics under different herbivore densities in an arid savanna, 
Botswana. J. Appl. Ecol., 27: 873-885.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
224
Smith, S.D., Herr, C.A., Leary, K L. and Piorkowski, J.M., 1995. Soil-plant water relations in a 
Mojave Desert mixed shrub community: a comparison of three geomorphic surfaces. J. 
Arid Env., 29: 339-351.
Smith, S.D., Monson, R.K. and Anderson, J.E., 1997a. Physiological Ecology of North American 
Desert Plants. Adaptations of Desert Organisms. Springer, New York, 286 pp.
Smith, T.M., Shugart, H.H. and Woodward, F.I. (Editors), 1997b. Plant Functional Types: Their 
Relevance to Ecosystem Properties and Global Change. Cambridge University Press,
New York, 369 pp.
Sollins, P., Reichle, D.E. and Olson, J.S., 1973. Organic matter budget and model for a southern 
Appalachian Liriodendron forest. EDFP-IBP-73/2, Oak Ridge National Laboratory, Oak 
Ridge, TN.
Spanner, M.A., Pierce, L.L., Running, S.W. and Peterson, D.L., 1990. The seasonality of
AVHRR data of temperate coniferous forests: relationships with leaf area index. Remote 
Sens. Environ., 33: 97-112.
Sparks, T.H. and Carey, P.D., 1995. The response of species to climate over two centuries: an 
analysis of the Marsham phenological records. J. Ecol., 83: 321-329.
Staaf, H. and Berg, B., 1982. Accumulation and release of plant nutrients in decomposing Scots 
pine needle litter. Long-term decomposition in a Scots pine forest H. Can. J. Bot., 60: 
1561-1568.
Stenberg, P., Linder, S., Smolander, H. and Flower-Ellis, J., 1994. Performance of the LAI-2000 
plant canopy analyzer in estimating leaf area index of some Scots pine stands. Tree 
Physiol., 14:981-995.
Stohlgren, T J ., 1988. Litter dynamics in two Sierran mixed conifer forests. II. Nutrient release in 
decomposing leaf litter. Can. J. For. Res., 18:1136-1144.
Strojan, C J., 1978. Forest leaf litter decomposition in the vicinity of a zinc smelter. Oecologia, 
32: 203-212.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
225
Stump, L.M. and Binkley, D., 1993. Relationships between litter quality and nitrogen availability 
in Rocky Mountain forests. Can. J. For. Res., 23:492-502.
Sugiyama, S., Yoneyama, M., Takahashi, N. and Gotoh, K., 1985. canopy structure and
productivity o f Festuca arundinacea Schreb. swards during vegetative and reproductive 
growth. Grass and Forage Sci., 40:49-55.
Swank, W.T. and Schreuder, H.T., 1973a. Temporal changes in biomass, surface area and net 
production for a Pinus strobus L. forest, lUFRO Biomass Studies. College of Life 
Sciences and Agriculture, University of Maine, Orono, ME, pp. 173-182.
Swank, W.T. and Schreuder, H.T., 1973b. Temporal changes in biomass, surface area and net 
production for a Pinus strobus L. forest. In: H.E. Young (Editor), lUFRO Biomass 
Studies. Working Party on the Mensuration of the Forest Biomass. University of Maine, 
Orono, ME, pp. 171-182.
Swank, W.T. and Schreuder, H.T., 1974. Comparison of three methods o f estimating surface area 
and biomass for a forest of young eastern white pine. Forest Sci., 20:91-100.
Symbula, M. and Day, F.P.J., 1988. Evaluation of two methods for estimating belowground 
production in a fresh-water swamp forest. Am. Midi. Nat., 120: 405-415.
Tadaki, Y., Hatayi, K. and Tachaiki, K., 1969. Studies on the production structure of forest. XV 
primary productivity of Fagus crenata in plantation. J. Jap. For. Soc., 51: 331-339.
Tadaki, Y., Hatiya, K. and Miyauchi, H., 1967. Studies on the productivity of Abies veitchii in the 
natural forests at Mount Fuji. J. Jap. For. Soc., 49:421-428.
Tadaki, Y., Hatiya, K., Tochiaki, K., Miyauchi, H. and Matsuda, U., 1970. Studies on the
production structure of forest. XVI Primary productivity of Abies veitchii in the subalpine 
zone of Mount Fuji. Bull. Govt. Forest Exp. Stn. Tokyo, 229; 1-22.
Tans, P P., Fung, I.Y. and Takahashi, T., 1990. Observational constraints on the global 
atmospheric CO2 budget. Science, 247: 1431-1438.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
226
Tardieu, F. and Davies, W.J., 1993. Integration of hydraulic and chemical signaling in the control 
of stomatal conductance and water status of droughted plants. Plant Cell and 
Environment, 16.
Taylor, B.R., Prescott, C.E., Parsons, W J.F. and Parkinson, D., 1991. Substrate control of litter 
decomposition in four Rocky Mountain coniferous forests. Can. J. Bot., 69; 2242-2250.
Tenhunen, J.D., Hanano, R., Abril, M. and Weiler, E.W., 1994. Above- and below-ground
environmental influences on leaf conductance of Ceanothus thyrsiflorus growing in a 
chaparral environment: drought response and the role of abscissic acid. Oecologia, 99: 
306-314.
Tenhunen, J.D., Lange, O.L. and Jahner, D., 1982. The control by atmospheric factors and water 
stress of midday stomatal closure in Arbutus unedo growing in a natural macchia. 
Oecologia, 55:165-169.
Thornton, P.E., 1998. Description of a numerical simulation model for predicting the dynamics of 
energy, water, carbon, and nitrogen in a terrestrial ecosystem. University of Montana, 
Missoula, MT.
Thornton, P.E., Running, S.W. and White, M.A., 1997. Generating surfaces o f daily
meteorological variables over large regions of complex terrain. J. Hydrol., 190: 214-251.
Thumbull, M.H., Tissue, D.T., Griffin, K.L., Rogers, G.N.D. and Whitehead, D., 1998.
Photosynthetic acclimation to long-term exposure to elevated CO2 concentration in Pinus 
radiata D.Don is related to age of needles. Plant, Cell Env., 21: 1019-1028.
Timmell, T., 1967. Recent progress in the chemistry of wood hemicellulose. Wood Sci. Technol., 
1: 45-70.
Timmell, T.E., 1957. Carbohydrate reserves of ten Northern American species of wood. Tappi,
40: 568-572.
Tissue, D.T., Griffin, K.L., Thomas, R.B. and Strain, B.R., 1995. Effects o f low and elevated CO? 
on C3 and C4  annuals H. Photosynthesis and leaf biochemistry. Oecologia, 101: 21-28.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
227
Titlyanova, A.A. and Bazilevich, N.I., 1979. Ecosystem synthesis of meadows; nutrient cycling. 
In: R.T. Coupland (Editor), Grassland Ecosystems of the World. Cambridge University 
Press, London, pp. 170-180.
Townshend, J., Justice, C., Li, W., Gurney, C. and McManus, J., 1991. Global land cover
classification by remote sensing: present capabilities and future responsibilities. Remote 
Sens. Environ., 35: 243-255.
Turner, J., 1981. Nutrient cycling in an age sequence of western Washington Douglas fir stands. 
Ann. Bot., 48: 159-169.
Turner, J., Cole, D.W. and Gessel, S.P., 1976. Mineral nutrition accumulation and cycling in a 
stand of red alder {Alnus rubra). J. Ecol., 64: 965-974.
Turner, J. and Long, J.N., 1975. Accumulation of organic matter in a series of Douglas fir stands. 
Can. J. For. Res., 5: 681-690.
Turner, N.C., Schulze, E.-D. and Gollan, T., 1985. The responses of stomata and leaf gas 
exchange to vapour pressure deficits and soil water content ü . In the mesophytic 
herbaceous species Helianthus annuus. Oecologia, 65: 348-355.
van Cleve, K., Viereck, L.A. and Schlentner, R.L., 1971. Accumulation of nitrogen in alder 
{Alnus) ecosystems near Fairbanks, Alaska. Arct. Alp. Res., 3: 101-114.
van Leeuwen, W J.D . and Huete, A.R., 1996. Effects of standing litter on the biophysical
interpretation of plant canopies with spectral indices. Remote Sens. Environ., 55: 123- 
138.
van Praag, J.J., Sougnez-Remy, S., Weissen, F. and Carletti, G., 1988. Root turnover in a beech 
and a spruce stand of the Belgian Ardennes. Plant and Soil, 105: 87-103.
VEMAP, 1995. Vegetation/Ecosystem Modeling and Analysis Project (VEMAP):Comparing 
biogeography and biogeochemistry models in a continental-scale study o f terrestrial 
ecosystem responses to climate change and CO2 doubling. Global Biogeochem. Cycles, 
9: 407-437.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
228
Vertessy, R.A., Benyon, R.G., O'Sullivan, S.K. and Gribben, P.R., 1995. Relationships between 
stem diameter, sapwood area, leaf area and transpiration in a young mountain ash forest. 
Tree Physiol., 15: 59-567.
Vogt, K.A., Grier, C.C., Meier, C.E. and Edmonds, R.L., 1982. Mycorrhizal role in net primary 
production and nutrient cycling in Abies amabilis ecosystems in western Washington. 
Ecology, 63: 370-380.
Vogt, K.A., Grier, C.C. and Vogt, D J., 1986. Production, tumover, and nutrient dynamics of 
above- and below-ground detritus of world forests. Adv. Ecol. Res., 15: 303-377.
Vogt, K.A., Vogt, D J., Gower, S.T. and Grier, C.C., 1990. Carbon and nitrogen interactions for 
forest ecosystems. Above- and Below-ground Interactions in Forest Trees in Acidified 
Soils. Air Pollution Report of the Environmental Research Programme of the 
Commission of the European Communities.
Wallin, K.F. and Raffa, K.F., 1999. Altered constitutive and inducible phloem monoterpenes 
following natural defoliation of jack pine: Implications to host mediated interguild 
interactions and plant defense theories. J. Chem. Ecol., 25: 861-880.
Waring, R.H., Landsberg, J J .  and Williams, M., 1998. Net primary production of forests: a 
constant fraction of gross primary production? Tree Physiol., 18: 129-134.
Waring, R.H. and Running, S.W., 1976. Water uptake, storage and transpiration by conifers: a 
physiological model. In: O.L. Lange, E.D. Schulze and L. Kappen (Editors), W ater and 
Plant Life, Problems and Modem Approaches. Ecol. Studies, Vol. 19. Springer-Verlag, 
Berlin, pp. 189-202.
Waring, R.H. and Running, S.W., 1998. Forest Ecosystems: Analysis at Multiple Scales. 
Academic Press, New York, 370 pp.
Waring, R.H. and Schlesinger, W.H., 1985. Forest Ecosystems: Concepts and Management. 
Academic Press, San Diego, 340 pp.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
229
Wedin, D.A., Tieszen, L.L., Dewey, B. and Pastor, J., 1995. Carbon isotope dynamics during 
grass decomposition and soil organic matter formation. Ecology, 76; 1383-1392.
Welles, J.M. and Norman, J.M., 1991. Instrument for indirect measurement of canopy 
architecture. Agronomy J., 83: 818-825.
Wells, C.G., Jorgensen, J.R. and Bumette, C.E., 1975. Biomass and mineral elements in a thinned 
loblolly pine plantation at age 16. SE-126, Southeast For. Exp. Stn., USDA Forest 
Service, Ashville, NC.
Weltz, M.A., Ritchie, J.C. and Fox, H.D., 1994. Comparison of laser and field measurements of 
vegetation height and canopy cover. Water Resources Res., 30: 1311-1319.
Wentz, F J . and Schabel, M., 1998. Effects of orbital decay on satellite-derived lower- 
tropospheric temperature trends. Nature, 394: 661-664.
White, M.A., Asner, G.P., Nemani, R.R., Privette, J.L. and Running, S.W., 1999. Monitoring 
fractional cover and leaf area index in arid ecosystems: digital camera, radiation 
transmittance, and laser altimetry results. Remote Sens. Environ., In Press.
White, J.D., Running, S.W., Nemani, R., Keane, R.E. and Ryan, K.C., 1997a. Measurement and 
remote sensing of LAI in Rocky Mountain montane ecosystems. Can. J. For. Res., 27: 
1714-1727.
White, J.D. et al., 1998a. Assessing simulated ecosystem processes for climate variability 
research at Glacier National Park, USA. Ecol. Appl., 8: 805-823.
White, M.A., Running, S.W. and Thornton, P.E., 1998b. The impact of growing-season length 
variability on carbon assimilation and évapotranspiration over 88 years in the eastern 
U.S. deciduous forest. Int. J. Biometeorol., 42: 139-145.
White, M.A., Thornton, P.E. and Running, S.W., 1997b. A continental phenology model for
monitoring vegetation responses to interannual climatic variability. Global Biogeochem. 
Cycles, 11(2): 217-234.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
230
Whittaker, R.H., 1963. Net production of heath balds and forest heaths in the Great Smoky 
Mountains. Ecology, 46: 176-182.
Whittaker, R.H., 1966. Forest dimensions and production the Great Smoky Mountains. Ecology, 
47: 103-121.
Whittaker, R.H., 1971. Measurement of net primary production of forests. In: P. Duvigneaud 
(Editor), Productivity of Forest Ecosystems. UNESCO, Paris, France, pp. 159-175. 
Whittaker, R.H., Bormann, F.H., Likens, G.E. and Siccama, T.G., 1974. The Hubbard Brook 
ecosystem study: forest biomass and production. Ecol. Monogr., 44: 233-252.
Whittaker, R.H. and Niering, W.A., 1968. Vegetation of the Santa Catalina Mountains, Arizona.
IV. Limestone and acid soils. J. Ecol., 56: 523-544.
Whittaker, R.H. and Niering, W.A., 1975. Vegetation of the Santa Catalina Mountains, Arizona.
V. Biomass, production, and diversity along the elevational gradient. Ecology, 56: 771- 
790.
Wielgolaski, F.E., 1975. Primary productivity of alpine meadow communities. In: F.E. 
Wielgolaski (Editor), Fennoscandian Tundra Ecosystems. Part I Plants and 
Microorganisms. Springer-Verlag, New York, pp. 121-128.
Williams, D.G. and Black, R.A., 1994. Drought response of a native and introduced Hawaiian 
grass. Oecologia, 97: 512-519.
Wise, L.E. and Jahn, E.C. (Editors), 1952. Wood Chemistry, 2nd ed.. Vol. 1. Van Nostrand- 
Reinhold, Princeton, NJ.
Woodrow, I.E. and Berry, J.A., 1988. Enzymatic regulation of photosynthetic CO; fixation in C3 
plants. Annual Reviews of Plant Physiology and Plant Molecular Biology, 39: 533-594. 
Wullschleger, S.D., 1993. Biochemical limitations to carbon assimilation in C 3 plants - A
retrospective analysis of the A/C- curves from 109 species. J. Exp. Bot., 44(262): 907-
920.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
231
Yin, X., 1989. Biomass and nutrient fluxes on disturbed and undisturbed sites at the Hardies 
Creek Forest, Wisconsin, University of Minnesota, St. Paul.
Yin, X., 1993. Variation in foliar nitrogen concentration by forest type and climatic gradients in 
North America. Can. J. For. Res., 23: 1587-1602.
Yin, X. and Perry, J.A., 1991. Factors affecting nitrogen concentration of fine roots in forest 
communities: regression analysis literature data. Forest Sci., 37: 374-382.
Yoshimura, K., 1967. Growth and biomass of Norway spruce forest in Ashu experimental forest.
Bull. Kyoto Univ. For., 39: 27-34.
Young, H.E., 1972. Biomass sampling methods for puckerbush studies. Forest Biomass Studies.
College of Life Sciences and Agriculture, University of Maine, Orono, ME, pp. 179-190. 
Zavitkovski, J., Isebrands, J.G. and Crow, T.R., 1976. Application of growth analysis in forest 
biomass studies. In: C.P.P. Reid and C.H. Fechner (Editors), Proc. 3rd N. Am. For. Biol. 
Workshop. Colorado State University, Fort Collins, pp. 196-226.
Zavitkovski, J. and Stevens, R.D., 1972. Primary productivity of red alder ecosystems. Ecology, 
53: 235-242.
Zimmermann, P.H., 1988. MOGUNTIA: a handy global tracer model. Proceedings of the
sixteenth NATO/CCMS international technical meeting on air pollution modeling and its 
application. New York.
Zimmermann, P.H., Feichter, J., Rath, H.K., Crutzen, P J . and Weiss, W., 1989. A  global three- 
dimensional source-receptor model investigation using “ Kt. Atmos. Environ., 23:25-35. 
Zobler, L., 1986. A  world soil file for global climate modeling. Tech. Memo. 87802, Nat. 
Aeronaut, and Space Admin., Greenbelt, MD.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
